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Abstract
This  thesis  presents  a  series  of  studies  into  the  responses  of  people  to  outdoor  thermal 
conditions experienced over all seasons in the United Kingdom. The aim was to investigate 
practical methods for predicting human responses to outside weather conditions, which would 
be  useful  in  predicting  effects  on  human  comfort  and  health.  The  studies  involved  both 
laboratory  experiments  and  field  trials.  One  particular  aspect  of  outside  conditions,  not 
usually investigated in laboratory studies, is the contribution of solar radiation. Single subject 
and thermal manikin studies were used to determine the contribution of solar radiation to 
human response. In addition to this, a total of 168 subjects’ responses were recorded during 
trials  at  the  Loughborough  University  weather  station  compound.  (latitude  52.47N  and 
longitude 01.11W). The trials were distributed between July 2007 and October 2008. This 
provided a comprehensive data-base for the evaluation of thermal indices.
The thesis is divided into four parts.  Part one provides an introduction to the subject and a 
comprehensive  literature  review.  It  also  describes  equipment,  calibration  procedures  and 
methods used.  Part two quantified the contribution of solar radiation to the ‘heat load’ on a 
person.  A human subject and a heated thermal manikin were exposed to outdoor thermal 
conditions, while in light clothing and (for the person) conducting a step test. They were then 
exposed to identical conditions in a thermal chamber, but without the contribution of the sun. 
The conditions outside were 23˚C air temperature, 42˚C mean radiant temperature and 54% 
relative  humidity  with an average air  velocity of  0.75 ms-1.  The difference in  sweat  rate 
(person) and heat required (manikin) between outdoor and indoor conditions were used to 
estimate the contribution of the sun.  Using three different analyses estimates were 14 Wm-2, 
35 Wm-2 and 50 Wm-2 depending upon the assumptions made. 
Part three describes current thermal indices that can be used to assess the effects of weather 
conditions on people. It also presents the results of weather station measurements over the 
time period considered. In chapters 8 and 9 field trials are described which capture both the 
thermal  conditions and human physiological and subjective responses to those conditions. 
Chapter 10 uses the data collected to provide an evaluation of current thermal indices for 
predicting human responses.
The range of air temperature and relative humidity (at 2 pm) over a year was -2˚C to 29˚C and 
34% to 95% respectively. Wind speed varied and was greater in winter and spring than in 
summer  and  autumn.  Solar  radiation  was  influenced  by  the  altitude  of  the  sun  which 
depended upon season. Mean solar radiation increased from December to June and decreased 
from June to December. The subjective and physiological responses for 130 people (65 males 
and 65 females)  over  a  range of  outdoor  weather  conditions  are  presented.  Physiological 
responses for females generally showed a stronger relationship with environmental variables 
and subjective responses than those for males. The subjective and physiological responses of 
four groups (one in each season of the year - involving a total of 38 people), are presented.  It 
was found that there were significant individual differences in response. 
Part four provides a suggestion for an improved thermal index. The PMV (Predicted Mean 
Vote)  out  of  four  thermal  indices  (WBGT,  PMV,  WCI/tch and  Twc)  had  the  strongest 
relationship  with  environmental  variables  and  physiological  responses  but  had  a  weak 
relationship with subjective  responses.  A PMVoutdoors index was developed to  improve  the 
prediction of subjective responses for the outdoor conditions investigated. Conclusions and 
recommendations for future research are provided.
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Notation
AD body surface area m2
ADu DuBois body surface area m2
Ar effective radiating area of the body m2
Ce Water latent heat of vaporization Jkg-1
cp specific heat of dry air at constant pressure Jkg-1K-1
C convective heat loss per unit area Wm-2
Cres dry respiration heat loss per unit body surface area Wm-2
E evaporative loss per unit body surface area Wm-2
EE energetic equivalent WhL-1O2
Emax maximum evaporative potential per unit area Wm-2
Ereq required evaporation per unit area Wm-2
Eres evaporative loss from respiration Wm-2
Esk total evaporative heat loss from the skin Wm-2
fcl clothing area factor ND
Fcl
reduction factor for radiation heat exchange due to 
wearing clothes ND
Fpcl Permeation efficiency factor
h combined heat transfer coefficient Wm-2K-1
hc convective heat transfer coefficient Wm-2K-1
he evaporative heat transfer coefficient Wm-2K-1
hr radiative heat transfer coefficient Wm-2K-1
Hb body height m
HR heart rate beats per min
HR0 heart rate while at rest beats per min
HRM component of heart rate due to work beats per min
HRS component of heart rate due to static exertion beats per min
HRN component of heart rate due to emotional response beats per min
HRε residual component of heart rate beats per min
HRT component of heart rate due to thermal strain beats per min
im moisture permeability index(clothing) ND
Icl Intrinsic clothing insulation Clo,m2°CW-1
Iclr Intrinsic clothing insulation Clo,m2°CW-1
K heat transfer by conduction Wm-2
LR Lewis relationship K kPa-1
M metabolic free energy production per unit body area Wm-2
Pa partial pressure of water vapour in air kPa
Psa Saturated pressure of water vapour at air temperature mb
Psk,s saturated water vapour pressure at skin temperature kPa
Pswb
saturated water vapour pressure at aspirated web bulb 
temperature kPa
Q energy Wm-2
Qres total rate of heat loss through respiration Wm-2
Qsk total rate of heat loss from the skin Wm-2
r efficiency of sweating ND
rreq required evaporative efficiency of sweating ND
R radiative heat loss per unit area Wm-2
Rcl intrinsic thermal insulation of clothing m2 K W-2
viii
Re,cl intrinsic evaporative resistance of clothing m2 kPa W-1
Rtdyn
Dynamic total evaporative resistance of clothing and 
boundary air layer m
2 kPa W-1
RT Evaporative resistance m2 kPa W-1
S rate of heat storage per unit area Wm-2
SWreq Sweating required. Required sweat rate index Wm-2
ta air temperature °C
tch chilling temperature index °C
tcl surface temperature of clothed body °C, K
tcr core temperature °C
tdp dew point °C
tex expired air temperature °C
tg globe temperature °C
to operative temperature °C
tnwb natural wet bulb temperature °C
tr mean radiant temperature °C
tsk mean skin temperature °C
Twc new wind chill index °C
v air velocity ms-1
Vo2 oxygen consumption rate Lh-1
VO2 gross oxygen consumption mL·kg-1·min-1
w skin wettedness ND
wreq required skin wettedness ND
W external mechanical work per unit area Wm-2
Wb body weight kg
Wex humidity ratio for the expired air kg of water 
kg-1of dry air
ε emissivity ND
σ Stefan-Boltzmann constant=5.67×10-8 Wm-2K-4
ø relative humidity ND
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Part One: Introduction
Chapter 1: Literature Review and Methods
1.1 Chapter Summary
This  chapter  provides  a  general  introduction  to  human  thermal  environments  and 
introduces the basic concept of fundamental parameters which contribute to human 
responses  to  thermal  environments.  It  consists  of  physical  factors  such  as  air 
temperature, humidity,  air velocity and radiant temperature as well as clothing and 
physiological  factors  such  as  body  temperature,  human  thermoregulation  and 
metabolic  heat  production.  In addition,  this  chapter introduces the concept  of heat 
balance  in  the  human  body  and  thermal  indices  which  integrate  human  physical 
environments  and  thermal  physiological  environments  into  a  single  number  that 
represents human responses.
1.2 Introduction
The human body produces heat by metabolism and the heat is emanated from the 
body.  The  thermal  environment  is  usually  cooler  than  people’s  skin  in  ‘ordinary’ 
situations, and heat is lost through three methods: convection for heat to transfer to 
the air, evaporation as sweating, and radiation to the surrounding surfaces. The human 
body  loses  heat  by  the  evaporation  of  moisture  even  when  the  environmental 
temperature  is  greater  than  body  temperature.  In  outdoor  thermal  environments, 
people  are  exposed  to  a  range  of  conditions(e.g.  air  temperature,  wind  speed, 
humidity, radiant temperature, and solar radiation(outdoors)). Outdoor conditions are 
not as homogeneous as indoor conditions, and are very changeable. Hence, the human 
physiological response system could be influenced by the changeable conditions. 
It is useful for many practical applications to try to anticipate human responses to the 
outdoor  thermal  environment.  Human  thermal  environments  can  be  assessed  by 
measuring environmental  parameters,  physiological  and psychological responses as 
well  as  using  thermal  indices.  The  description  of  the  environment  would  include 
values of air temperature, wind speed, humidity, and radiant temperature. Metabolic 
heat  production  and  clothing  insulation  are  also  required  in  any analysis  of  heat 
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transfer between the body and the environment. The aim of the programme of studies 
presented in this thesis was to evaluate methods for assessing human responses to 
outdoor conditions.
1.3 Human Thermal Environments
1.3.1 Air temperature(ta)
The air temperature is the temperature of the air around the human body. Practically, 
air temperature can be defined as “the temperature of the air surrounding the human 
body which is representative of that aspect of the surroundings which determines heat 
flow between the human body and the air.”(Parsons, 2003).
In physical environments, the temperature of the air varies. The temperature of the air 
at a distance from the human body will not represent the temperature that decides heat 
flow.  The temperature  of  the  air  very close  to  the  clothed  body will  also  not  be 
representative as it will be affected by ‘boundary conditions’; for instance, the human 
body has a layer of much warmer air near the body in a cold environment. The air 
temperature  therefore  should  be  measured  close  to  the  person but  not  within  the 
‘boundary layer’.
1.3.2 Radiant temperature
Heat radiation is a part of the electromagnetic radiation spectrum extending from X-
ray(short wavelength), the visible wavelengths(0.4-0.8μm) to the longer radio waves. 
When visible light and radio waves are absorbed as heat, they are all radiation. All 
physical  bodies  not  only  emit  radiation  but  also  absorb  it  due  to  an exchange of 
radiant energy with their surroundings. The loss of heat by radiation is remarkable 
when a  person is  next  to  a  cold  window even  though  the  human  body does  not 
recognise the loss of heat by radiation in a ‘normal’ situation. A net flow of energy 
from the hotter to the cooler bodies results from the exchange of radiant energy. The 
emission and absorption of energy may be considerable even if the net flow of energy 
between bodies which are at the same temperature is zero. 
‘A radiant temperature is the temperature of a black body which would give the same 
value of some measured quantity of the radiation field as exists in reality.’(McIntyre, 
1980). Radiant temperature also has an influence on the temperature of the human 
body.  Heat  is  transferred  between  all  bodies  through  radiation.  Air  or  any  other 
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medium is not necessary for heat transfer by radiation, and heat can transfer through a 
vacuum(Kerslake, 1972). 
There is an influence of distance on heat radiation. The radiant flux from the source 
decreases due to the square of the distance.  However, the heat radiation decreases 
because it is derived from extended radiating surfaces which is the solid angle. The 
plane  radiant  temperature  can  be  defined  as  ‘the  temperature  of  a  uniform black 
hemisphere,  centred  on  the  element  with  its  basal  plane  in  the  plane  of  the 
element.’(McIntyre, 1980).
Natural environments can be considered to consist of two kinds of bands such as solar 
radiation and radiation from the surface less than 100°C, where radiation is in the far 
infrared.  The  laws  of  thermodynamics  explain  the  radiant  heat  exchange.  The 
maximum  wavelength  decreases  as  the  temperature  emitted  increases,  and  the 
spectrum of heat radiation emitted depends on the temperature. Wien’s law explains 
the form of the spectrum of heat radiation. An object emits light of the wavelength 
depending on its temperature, and the cooler an object is, the longer the wavelength. 
Wien’s law expresses the wavelength depending on the temperature as follows.
λmax = 3×107 / T                                                                                                         (1.1)
where 
λmax: the wavelength in Angstroms
1 Angstrom = 10-10 meters
T: temperature in Kelvin
The wavelength of solar radiation is about 0.5μm and at a human skin temperature of 
33°C it is 9.4μm.
The rate of emission of radiation from walls depends on the wall temperature and the 
rate of emission of radiation from skin depends on the skin temperature. The change 
of skin temperature will have influence on the radiation emitting from the skin. If the 
subject wears clothing, the radiant heat exchange happens between the environment 
and the clothing surface.
Heat exchange by radiation is presented as watts per unit area. The area available for 
radiant heat exchange is smaller than the total surface area of the body as some parts 
of the human body are not influenced directly by the radiant environment. The radiant 
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area  factor  might  be described  as  the ratio  of  the  effective  area possible  for  heat 
exchange  by radiation  to  the  total  surface  area(DuBois  and Dubois,  1916)  and is 
operated like a configuration factor for the whole body which is to express the radiant 
heat  exchange as  a function  of the geometrical  relation  between the source(e.g.  a 
panel) and the subject. The application of radiation area factor permits radiant heat 
exchange to be expressed per unit total surface area. The radiation area depends upon 
posture, and is largest at the full length of the human body. Crouching is the smallest. 
Therefore, the radiation area factors for standing people are often estimated as 0.78, 
0.70 for seated persons and 0.66 for crouched persons.
Heat  radiation  in  the  thermal  environment  can  be  regarded  as  air  temperature 
augmentation.  The  environment  of  clothed  people  exposed  to  the  sun  may  be 
considered as the equivalent shade temperature. The thermal radiation augmentation is 
applied  to  the nude person or the heat  exchange at  the surface of clothing which 
radiation does not pass through(Kerslake, 1972).
‘Mean radiant temperature is the temperature of a uniform enclosure with which a 
small black sphere at the test point would have the same radiation exchange as it does 
with the real environment’(McIntyre, 1980). A single figure is given measuring the 
strength  of  the  radiation  field  by  mean  radiant  temperature,  and  it  permits  an 
estimation of the heat exchange by radiation between the surroundings and the human 
body. Hence, it is an important and useful parameter. The mean radiant temperature 
and  radiant  temperature  are  good  methods  for  quantifying  the  human  radiant 
environment(McIntyre, 1980).
ISO 7726(2001) provides the following equations. For natural convection, e.g. v ≤ 
0.15m/s
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And for forced convection, e.g. v ≥ 0.15m/s
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Where
tr: mean radiant temperature
ε: emissivity(n.d.)
d: diameter of black globe(m)
tg: black globe temperature
v: air velocity
For the standard globe, values of ε = 0.95 and d = 0.15 can be used.
1.3.3 Air velocity(v)
Air movement  across the body can affect  body temperature.  The movement  of air 
varies depending on time, space and direction. As a matter of convenience, air speed 
can be considered to be the mean air velocity intensity over an exposure time over all 
directions. Mean air velocity will represent the overall value on behalf of this effect 
on the body.  Consideration  of  variation  in air  velocity  can be essential  in  human 
response.  ISO 7730(2005)  suggests  that  both  mean  air  velocity  and  the  standard 
deviation of air movement should be considered.
1.3.4 Humidity
Assuming that water or sweat evaporates to a vapour by taking heat from the human 
body and it is lost to the environment around the body, heat is moved from the body 
to the environment and the body is cooled down. The ‘driving force’ for this vapour 
transfer is the difference in absolute humidity between that at the skin surface and that 
in the environment. As the matter of convenience, the ‘driving force’ for heat loss can 
be the difference in partial vapour pressures between that at the skin and that in the 
environment.  Therefore,  the  humidity  in  the  surrounding  environment  which 
represents the driving force for heat loss through mass or vapour transfer is the basic 
parameter.
The relative humidity is defined as “the ratio of the partial pressure of water vapour to 
the saturated vapour pressure at a given temperature”. It is presented as a percentage:
%100Re
2
2 ×=
OHofpressurevapoursaturated
OHofpressurepartialhumiditylative
If water in a kettle is boiled, vapour will move from the surface into the air. A partial 
vapour pressure will be produced by the water vapour in the air. If water vapour keeps 
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being moved to the air, ultimately a maximum amount will be attained where the air 
can contain no more.  Saturated vapour pressure means the vapour pressure at  this 
point. The relative humidity at this point is 100 percent. Hence, humidity is one of the 
four basic parameters that should be measured in human thermal environments. 
1.3.5 Clothing
Clothing is one of three key factors (environmental factors, clothing factors and heat 
production)  for  the  study  of  thermal  comfort.  A  thermal  resistance  is  supplied 
between a thermal environment and a human body by clothing. Therefore, clothing 
allows  humans  to  maintain  a  ‘proper’  thermal  state  for  themselves  over  various 
environments. To quantify clothing, the thermal insulation(resistance to heat transfer) 
of  clothing  should  be considered. Clothing  insulation  is  given in  Clo  values.  The 
original definition of 1 Clo was the thermal insulation on a person who keeps a mean 
skin temperature of 33°C in comfort at an air temperature of 21.2°C, relative humidity 
of 50% and air velocity of 0.1m/s(1 clo=0.155m2°C/W)(Gagge et al., 1941).
‘The thermal behaviour of clothing’ on people is dynamic, complex and is not easy to 
quantify. However, many theoretical and empirical studies have been conducted. In 
addition to the dry thermal insulation, clothing insulation is influenced by the transfer 
of  moisture  and  vapour  through  clothing,  heat  exchange  with  clothing  such  as 
conduction, convection, radiation, evaporation and condensation, compression which 
is  caused by high wind, pumping effects  which is  caused by body movement,  air 
penetration through fabrics, vents and openings, subject posture and more. 
1.3.6 Activity(Metabolic heat production)
The human body derives heat from ingesting food. While the energy value of food is 
turned over to producing heat and energy for work, the human body ‘tries’ to maintain 
their body temperature at a ‘constant’ level. The human body produces heat from food 
when combined with oxygen in the cell. The total process is called ‘Metabolism’. A 
reclined and resting person at 21°C shows the lowest level of metabolic activity and it 
is called ‘basal metabolism’. The units used are Wm-2, kcal/min/kg, or Met. 1Met is 
58.15Wm-2 and is the metabolic rate of a resting sedentary person. Metabolic rate is 
related to people’s body surface area,  sex, age,  the level of fitness,  environmental 
temperature and the amount of clothing(Winslow and Herrington, 1949).
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There  are  three methods  to  quantity  metabolic  rate  ;  measured(direct  and indirect 
calorimetry) and estimated ways. Direct calorimetry is to measure the amount of heat 
an  individual  produces  and  emits  to  a  thermal  chamber.  In  the  case  of  indirect 
calorimetry, the heat production is calculated from the increase of carbon dioxide and 
the  decrease  in  oxygen  through  respiration.  Metabolic  rate  can  be  estimated  by 
activity with formulae. Regression equations have been found out through laboratory 
experiments, and there are metabolic equations for walking, treadmill and running, leg 
ergometry, arm ergometry and stepping. When a person is stepping on and off a step 
as in a standard ‘step test’, ACSM(2006) suggests how to find the estimated value of 
metabolic rate through step height and step speed. Stepping consists of four parts of 
process: lifting on leg on fixed object; then raising the body through pushing with this 
leg; and put the other leg on the object; pushing down with the first and then the other 
leg. “The oxygen demand of the horizontal movement is approximately 0.2mL O2 per 
four-cycle step per kg of body mass”. They can be approximated for stepping rates 
between  12  and  30  steps·min-1 and  step  heights  between  0.04  and  0.40m.  The 
formulae  are  provided  below.  This  is  based  upon  metabolic  rates  determined  by 
indirect  calorimetry  for  a  range  of  stepping  conditions.  The  rate  of  oxygen 
consumption VO2 is given by:
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The metabolic rate can be found out through oxygen consumption rate and the 
energetic equivalent(EE) of oxygen can convert oxygen consumption rate into 
metabolic rate. The energetic equivalent is decided by the type of metabolism which 
can be expressed by the respiratory quotient(RQ) (RQ is the CO2 produced divided by 
the O2 consumed, it is related to efficiency of congestion). Respiratory exchange 
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ratio(RER) and respiratory quotient(RQ) are calculated as VCO2/VO2 and are no unit 
variables. RER and RQ are considered as synonym under steady-state conditions. 
Therefore, a mean RQ of 0.85 and EE of 5.68W·h/LO2 can be used for figuring out 
the metabolic rate. In this case, the carbon dioxide production rate is not needed(ISO 
8996, 2004).
DuA
VoEEM 12 ××=                                                                                           (1.6)
where
Vo2   is the oxygen consumption rate, in litres of oxygen per hour;
EE     is the energetic equivalent, in watt hours per litre of oxygen(W·h/LO2)
M      is the metabolic rate, in watts per square metre
ADu  is the body surface are, in square metres, given by the Du Bois formula
725.0425.0202.0 bbDu HWA ××=                                                                                (1.7)
         in which 
                  Wb  is the body weight, in kilograms
                   Hb  is the body height, in metres.
Individual differences; participants’ weight or their body surface area were not 
considered in equations (1.4) and (1.5), and equation (1.6) was used for adjusting 
participants’ weights and their body. VO2 from equation (1.4) was multiplied by 
participant’s weight, and the unit, mLkg-1min-1, was converted into L/h.
When equation(1.4) is added to equation(1.6), the equation will be below,              
Du
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                                                               (1.8)
ISO  8996(2004)  also  provides  the  tables  for  ‘evaluation  of  the  metabolic  rate’ 
depending on the type of activity. 
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1.3.7 Solar radiation
The characteristic of solar radiation should be considered for the aspects of spectral 
content and directional properties although radiant temperatures can be used for both 
indoor and outdoor thermal environments.
The spectrum of sunlight reaching the earth’s surface is shown in Table 1. 1.
Table 1. 1 Spectral distribution of solar radiation(Kerslake, 1972)
The radiation intensity results from its wavelength as well as the level of radiation. 
The mean distance from the earth to the sun is 1.5×1011m and the solar constant which 
is  the irradiance  of a surface to  the solar beam is  considered as 1373Wm-2.  Total 
energy from the sun(E) can be calculated by multiplying the area of a sphere by the 
solar constant(Parsons, 2003).
E=4πd2×1373 = 3.88×1026W                                                                                   (1.9)
Where
d: the earth’s mean distance
The emissivity of the energy from black-body radiation is described by the Stefan-
Boltzmann law(E=σT4) which means the amount of total thermal radiation emitted 
from the surface of the black body is proportional to the fourth power of its absolute 
temperature.
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Where
r: the radius of the sun, 6.69×108m
σ: Stefan-Boltzmann constant, 5.67×10-8(Wm-2K-4)
T: the surface temperature of the sun, 5770K
Surfaces radiating in the long infra-red surround the human body. In addition, solar 
radiation composes heat load which is different from the infra-red heat exchanges. 
The direct rays of the sun reach to the projected area of the human. The projected area 
varies  depending  upon  the  solar  altitude  and  azimuth.  The  solar  load  reaching  a 
person is the outcome of their projected area and the intensity of the solar radiation 
flux. The total heat gain from direct sunlight(Hsd) can be explained by 
sspsd IAH ⋅⋅= α                                                                                                     (1.11)
Where
Ap    the projected area for the prevailing solar angles
αs     the absorptance of the skin or clothing for sunlight(proportion of  incident solar 
radiation absorbed)
Is      the solar radiation flux(W/m2) measured normal to the radiation(Kerslake, 1972).
Solar  radiation  is  divided  into  three  types  of  solar  radiation:  direct,  diffuse,  and 
reflected radiation. Direct solar radiation comes from the direction of the sun. This 
varies in altitude throughout the day and year due to the rotation of the earth(Table 1.
2). Diffuse solar radiation means all scattered radiation from the blue sky and clouds. 
When the human body is considered, direction and posture of the human will have 
influence on the amount of the solar radiation. The human body will take further heat 
input  from  the  sun.  The  amount  of  energy  by  direct  solar  radiation  will  vary 
depending upon the projected angle of the person. Burton and Edholm(1955) found 
that the mean radiation incident  on the human body in full  sun is about 250Wm-2 
(4.6METs). They show the equation below for estimating radiation(R)
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( ) ,9.016.4 METsaxR ×−=                                                                          (1.12)
Where  R is  the solar  radiation  input;  x is  the amount  of cloud(10/10=1=overcast; 
0/10=0=clear  sky);  a is  the  absorbing  power  of  clothes  where  a=0.88  for  black 
clothing, 0.57 for khaki and 0.20 for white clothing.
Table 1. 2 Direct, diffuse and reflected solar radiation on the orientation of the radiation source 
(Parsons, 2003)
1.4 Measurement of Weather
The  world  meteorological  organization  produces  a  ‘guide  to  meteorological 
instruments and methods of observation’. The guide(WMO 2008) consists of three 
parts;  ‘measurement of meteorological  variables’,  ‘observing systems’ and ‘quality 
assurance  and  management  of  observing  systems’.  The  measurement  of 
meteorological  variables  includes  temperature,  atmospheric  pressure,  humidity, 
surface wind, precipitation, radiation, sunshine duration, visibility,  evaporation, soil 
moisture,  upper-air  pressure,  temperature  and  humidity,  upper  wind,  ozone, 
atmospheric  composition,  and  observation  of  clouds.  This  part  considers 
meteorological  variables  which  are  related  to  human  thermal  environments’ 
parameters. The technology of automatic weather stations has been developed, and the 
number  of  the  automatic  weather  stations  has  increased  compared  with  observer-
staffed weather stations. The basic principles of the measurement for both of them are 
similar. The measurement of meteorological parameters is introduced below based on 
the manual weather station.
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1.4.1 Exposure and siting
An example of a weather station is shown in Table 1. 3. All equipment should be set 
up on the ground level, and ideally the size of the place for a weather station should 
be  at  least  25m × 25m surrounded by open fences.  Short  grass  should  cover  the 
ground or the ground can be covered by the original surface where grass is not grown. 
The distance of the obstacles such as buildings or trees is required. In addition, the 
height of the weather station is above mean sea level of the ground.
Table 1. 3 Layout of a weather station (WMO, 2008)
1.4.2 Air temperature
Air temperature is defined as ‘the temperature indicated by a thermometer exposed to 
the air in a place sheltered from direct solar radiation’ by WMO(2008). The weather 
measurement does not require thermometers with very short time-constant because 
the air temperature can be fluctuated rapidly. However, too large time-constant would 
cause  errors.  Hence,  it  is  recommended  that  optimum time-constant  would  be  20 
seconds for the meteorological observation. In addition, the result of measurement can 
be affected by locations of the weather station such as urban area, rural area, coastal 
area and so on. So it is necessary to record the air temperature data as well as the 
location of the weather station.
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The  thermometer  for  the  air  temperature  should  be  mounted  at  an  elevation  of 
between 1.2 and 2.0m above ground level. A mercury-in-glass thermometer which is 
considered  as  the most  accurate  instrument  should be located  under  a shelter  and 
should  be  read  as  quickly  as  possible  to  minimize  the  effect  of  the  observer’s 
presence.
The air temperature can be changed not only by radiation from surrounding objects 
but also precipitation, and the thermometer should be protected from radiation as well 
as  precipitation.  There  are  two  kinds  of  screen  types;  Louvred  screens(natural 
ventilation) and artificially ventilated shields. The Louvred screen has a roof which is 
doubled-layered, and ventilation of the space is allowed between the two levels. A 
doubled-layered floor should be used for the screen due to the reflectivity of snow. 
The size and structure of the screen should allow a large space between the walls and 
the  equipment  for  maintaining  low  heat  capacity.  Furthermore,  white,  non-
hygroscopic paint should be applied both inside and outside of the screen. The screen 
can be built of both wood and plastic materials which provide high protection against 
the influence of radiation. The ground below the screen should be covered by grass or 
the natural  ground where grass is  not  grown.  In the case of  artificially  ventilated 
shields, a thermally insulated material should be used for the shield. When an electric 
fan is used for the artificial  ventilation,  the heat  from the fan or motor  should be 
prevented from influencing the thermometers.
1.4.3 Atmospheric humidity
There are several terms for humidity at the Earth’s surface.
Mixing ratio r(in kg kg-1): The ratio between the mass of water vapour and the 
mass of dry air;
Specific humidity q(in kg kg-1): The ratio between the mass of water vapour and 
the mass of moist air;
Dewpoint temperature Td(in K): The temperature at which moist air saturated with 
respect to water at a given pressure has a saturation mixing ratio equal to the given 
mixing ratio;
Relative  humidity  U(in  per  cent):  The  ratio  in  percent  of  the  observed vapour 
pressure  to  the  saturation  vapour  pressure  with  respect  to  water  at  the  same 
temperature and pressure;
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Vapour pressure e’(in hPa): The partial pressure of water vapour in air;
Saturation  vapour  pressures  e’w and  e’i(in  hPa):  Vapour  pressures  in  air  in 
equilibrium with the surface of water and ice, respectively.
The requirements for the range and resolution of surface humidity are presented in 
Table  1.  4.  It  is  difficult  to  satisfy  these  requirements  in  real  situations,  and  the 
psychrometer in a shelter with forced ventilation could have higher performance.
Table 1. 4 Summary of performance requirements for surface humidity(WMO, 2008)
Requirement Wet-bulb temperature Relative humidity Dewpoint temperature
Range -10 to 35°C 5 to 100%
At least 50K in the 
range -60 to 35°C
Sensor time-constant 20s 40s 20s
Output average time 60s 60s 60s
The requirement for mounting humidity sensors are similar to those described above 
for temperature sensors. They should be protected from the influence of direct solar 
radiation, rain and wind and the creation of a local microclimate should be avoided.
A hygrometer is the general term for all equipment used to measure humidity. There 
are a lot of different methods to measure humidity; gravimetric hygrometry, chilled-
mirror method, heated salt-solution method, the psychrometric method, and sorption 
methods. For a full description refer to WMO(2008).
1.4.4 Surface wind
Wind velocity can be defined as ‘a three-dimensional vector quantity with small-scale 
random fluctuations in space and time superimposed upon a larger-scale organized 
flow’. However, surface wind could mean ‘two-dimensional vector quantity specified 
by two numbers representing direction and speed’(WMO, 2008). Gustiness is rapid 
fluctuations  of  wind and  a  gust  is  a  single  fluctuation.  So  the  wind  data  can  be 
reported to the peak gust, the standard deviations of wind speed and direction for the 
requirement on the variability of the wind. So a wind-measuring system includes a 
processing and recording system as well as a sensor.
The definition of wind direction is ‘the direction from which the wind blows’, and is 
measured clockwise from geographical north. The resolution of wind speed should be 
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0.5ms-1 for an average over 10min and degrees of wind direction should be to the 
nearest 10°, using a 01 to 36 code.
The measurement  site  should  allow enough distance  from obstructions  (buildings, 
trees etc) and then the distance should be at least 10 times the obstruction height and 
upwind or sideways by at least twice the obstruction height. Wind speed increases 
over rough surfaces, and a standard height of 10m above the ground is required. An 
optimum  location  of  observing  wind  is  the  place  where  the  measured  wind  can 
represent the wind over the area of at least a few kilometres. 
The instruments for measuring surface wind are a wind vane and cup or propeller 
anemometer. Cup and propeller anemometers are generally used for measuring wind 
speed  but  the  response  of  the  anemometers  is  faster  for  acceleration  than  for 
deceleration.  So  the  average  wind  speed  can  be  overestimated  especially  under 
vertical velocity fluctuation. The total overestimation of wind could be about 10 per 
cent at 10m height. On the other hand, a wind vane can be used for obtaining a proper 
wind speed.
1.4.5 Radiation
Radiation  can  be  considered  in  one  of  two  groups;  solar  radiation  and  terrestrial 
radiation. Solar radiation can be interpreted as solar energy, solar exposure or solar 
irradiance. The sun emits the electromagnetic energy (solar energy), and the spectral 
range  of  solar  radiation  is  290  to  3000nm.  The  Earth’s  surface  emits  long-wave 
electromagnetic energy which is called terrestrial  radiation,  and the wave length is 
longer than 3000nm. Equipment for measuring radiation is introduced in Table 1. 5. 
The time constant of the instrument ideally is less than 1/e although the data should be 
added up for periods of up to 1hour.  Instruments  should be installed  in the place 
which is far away from obstacles to the solar beam.
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Table 1. 5 Meteorological radiation instruments(WMO, 2008)
1.5 Physiology of Human Thermoregulation
1.5.1 Human thermoregulation
Humans control their thermoregulation by change their behaviour; clothing on or off, 
changing activity levels, finding a place of safety, etc. In addition the human body 
responds to thermal conditions through a physiological system of thermoregulation. 
The human body regulates its internal temperature at around 37°C and controls cell 
temperatures  depending  on  the  requirement  of  the  part  of  the  body.  There  are  a 
number  of  system  models  of  human  thermoregulation  which  can  explain  human 
thermoregulatory response. Every model explains heat loss with vasodilatation and 
sweating and heat preservation by vasoconstriction and shivering. All physiological 
thermoregulation is controlled in the hypothalamus. It is considered that the human 
body has temperature receptors in the hypothalamus, medulla, spinal cord and often 
areas. Two kinds of thermal receptors such as warm and cold points are distributed 
across the skin of the human body. Table 1. 6 shows the simplified thermoregulatory 
system.
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In the model, vasodilatation and sweating are caused by the anterior hypothalamus if 
the brain temperature increases above the required temperature. Vasoconstriction and 
shivering are induced by decrease of skin temperature. The anterior hypothalamus is 
involved with heat loss and the posterior hypothalamus controls vasoconstriction and 
shivering(Parsons, 2003).
Table 1. 6 Simplified diagram of the thermoregulatory system (McIntyre, 1980)
1.5.2 Physiological responses of the human body
Acclimatized  people  have  more  ability  to  regulate  body  temperature  than 
unacclimatized  ones  in  severe  hot  conditions,  and  acclimatization  makes  the 
subjective distress caused by mild or moderate heat stress decrease. Women seem to 
be less acclimatized to heat and women could have lower sweating capacity than men. 
(Kerslake, 1972)
Skin  vasodilation  increases  heat  loss  and  vasoconstriction  decreases  heat  loss. 
Circulation of venous blood during vasodilation increases the capability of heat loss 
from the skin to the environment. Shivering depends upon skin temperature and core 
temperature. Increase of metabolic rate can occur without shivering. However, if the 
body temperature decreases and shivering occurs, metabolic rate begins to go up and a 
drop of core temperature is reduced(Parsons, 2003).
1.5.3 Sweat rate
Hidrosis  allows  the  human  body  to  cool  down  by  evaporation  when  the  body 
temperature goes up. There are two kinds of sweat glands: apocrine glands which are 
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distributed to armpits and pubic areas and eccrine glands which range most of over 
the  body.  The  eccrine  glands  achieve  the  thermoregulatory  function.  The  sweat 
evaporation  is  the  prominent  way to  maintain  a  stable  core  temperature  in  a  hot 
environment. 
A  phase  lag  would  be  expected  between  the  radiation  strength  and  the  skin 
temperature of the heated area. The peak evaporation occurring sometime after being 
stimulated by the peak radiation intensity.
The interval between peak radiation and peak skin temperature will vary depending 
on the  frequency of  the stimulation  cycle.  It  may be caused  by the sensitivity  of 
receptors  to the rate  of change of skin temperature  or  to the rate  of heat  loss.  A 
conditioned  reflex  mechanism  might  be  used  for  the  accurate  anticipation  of  the 
requirements for heat balance if skin temperature and it’s rate of change take proper 
weight.  If  the  participant  is  not  sweating  before  stimulating  with  moderate 
heat(environment at 30-40°C), the sweating caused by the heat is much unrushed. It 
can  be  considered  because  of  the  activity  of  the  sweat  gland.  Sweating  generally 
begins at 10-30min after starting an exercise, and the sweat rate looks like increasing 
slowly. However, no delay of beginning of sweating is shown when participants are 
exposed to severe heat above 45°C.
Local sweat production has influence on local skin temperature by sudorific stimulus 
to inactive sweat glands or by altering the amount of secretion of sweat glands. The 
sweat rate decreases in an hour or two after exposure to heat and it maybe due to the 
fatigue of the sweat glands or the controlling mechanisms although this is not fully 
understood. The decline of sweating is outstanding in humid environments when the 
sweat is not evaporated, and is dripped off. The sweat rate is preserved in very long 
exposures  to  dry  environments  since  the  body  may  be  in  heat  balance(Kerslake, 
1972).
1.5.4 Body temperature
It can be considered conceptually that the body consists of two parts of a ‘core’ and a 
‘shell’. Core temperature is internal body temperature or the vital organ temperature 
including  the  brain  and  is  controlled  by  the  thermoregulatory  mechanisms.  Shell 
temperature  is  considered  as  the  mean  skin  temperature  over  the  body  and  is 
susceptible to the external environment. Local skin temperatures vary from the mean 
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body temperature.  Particularly in cold environments, the torso such as the trunk is 
much higher than the limbs, feet and hands(Parsons, 2003).
Core temperature can be measured at the oesophagus, tympanic membrane, auditory 
meatus,  mouth  and  rectum.  The  core  temperature  in  equilibrium is  isolated  from 
environmental stress. However, the setting of the thermostat of core temperature is 
controlled  by  the  level  of  work  rate.  Mean  body  temperature  is  the  average 
temperature  of  the  body(often  taken  as  a  weighted  average  of  ‘core’  and  ‘shell’ 
temperatures). A weighted average of  body skin temperature of several sites is taken 
for mean skin temperature (Parsons, 2003). In cool environment the skin temperatures 
varies  across  the  body  but  the  skin  temperature  is  more  constant  in  warm 
environments (Kerslake, 1972). 
1.5.5 Metabolic heat production
Oxygen  uptake  indicates  the  energy  expended.  Body  movement  like  exercise  is 
thermogenic so that  heat  production can be considered as the energy expenditure. 
More details for metabolic heat production are referred back to page 7(section 1.3.6) 
in this thesis.
1.5.6 Heart rate
Heart rate is a reliable method of recognising physiological change during physical 
activity. The heart pumps blood to the lungs and to the torso and to the limbs. The 
heart functions consist of contraction(systole) and rest(diastole). Blood travels to the 
rest of the body, and some pressure occurs when the heart contracts. The pressure in 
the vessels decreases when the heart muscle is at rest. The heart muscle’s contractions 
are  called  heartbeats  and  heart  rate  is  usually  measured  in  beats  per  minute. 
Contraction of the heart is influenced by: body position, fitness, age, gender, mood, 
temperature, stimulants, and depressants. Heart rate while lying supine is much lower 
than when standing up. Heart rate increases as work uses more muscles. Fit people 
have a heart which is able to pump more blood, and heart beats can be slow whilst 
conducting the same workload. Heart rate decreases with age. The heart rate of adult 
females, who have proportionally smaller hearts and muscles, is five to seven beats 
per minutes higher than that of men. Heart rate can be raised through a frightening 
and  unpleasant  experience  and  long  term stress.  A relaxed  situation  and  pleasant 
experience  are  associated  with  lower  heart  rate.  In  addition,  body temperature  is 
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related to heart rate, and heart rate is high when the temperature is high. Smoking and 
caffeinated beverages make heart rate increase but heart rate is lower when alcohol 
has been consumed(Kirkpatrick and Birnbaum, 1997).
Accordingly, heart rate can be an index of stress on the human body such as perceived 
exertion, thermal strain and psychological responses etc. ISO 9886(2004) introduces 
the  way  of  assessment  of  thermal  strain  on  the  basis  of  heart  rate.  Heart 
rate(beats.min-1) can be defined as the number of heartbeats during one minute. The 
heart  rate(HR)  could  consist  of  several  components  which  are  dependent  to  each 
other.
εHRHRHRHRHRHRHR NTSM ∆+∆+∆+∆+∆+= 0                                          (1.13)
where
HR0  average  heart  rate(bpm)  of  the  subject  at  rest  while  sitting  under  neutral 
conditions
ΔHRM increase in heart rate linked with work metabolism
ΔHRS  increase in heart rate linked with static exertion
ΔHRN  increase in heart rate due to psychological factors
ΔHRε  residual component in heart rate connected with rhythm of breathing, circadian 
rhythm etc.
ΔHRT increase in  heart  rate  connected  with the  thermal  strain  experienced by the 
subject. This can be examined during a break in the work. This size is a barometer for 
assessing of the strain at that moment.
It  can be interpreted  that  the increase of heart  rate  has  high relationship  with the 
increased of core temperature(tcr).  The increase of heart rate can be represented as 
beats·min-1·°C-1. 
A measure of perceived exertion is the degree of heaviness and strain experienced in 
physical work as estimated according to a specific rating method such as the Borg 
RPE scale(Table 1.  7).  Rating of perceived exertion(RPE) is  a tool for estimating 
effort and exertion, breathlessness, and fatigue during physical work. It was produced 
from the knowledge gained from psychophysical and physiological experiments. On 
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that scale(from 6 to 20), the value times 10 is an indication of heart rate. For example, 
17  corresponded  roughly  to  a  HR of  170beats  per  minute.  The  number  6  as  the 
starting point was chosen, since a low resting HR estimate for many adults is close to 
60( 61060 ×= ). Starting with 6(instead of zero) shows that the scale is not a ratio 
scale with an absolute zero. RPE scale was constructed to give a fairly linear increase 
with  HR  and  VO2 during  cycling  and  running.  Very  high  correlations(reliability 
correlation coefficients above .90) have been obtained between RPE and HR.
Table 1. 7 Borg’s Rate of Perceived Exertion(Borg, 1998)
6 No exertion at all
7 Extremely light8
9 Very light
10
11 Light
12
13 Somewhat hard
14
15 Hard (heavy)
16
17 Very hard
18
19 Extremely hard
20 Maximal exertion
Heart  rate  can  be  measured  using  manual  and  electronic  methods.  To measure  it 
manually,  the number of beats at the arteries on the person’s wrist often used and 
detected with the hand for a period of 15 seconds or 60 seconds. Electronic methods, 
use infrared and electrical sensors. There are two major kinds of electronic meters: 
pulsemeters  and  electrocardiogram(ECG)-based  meters.  The  pulsemeter  with  the 
photoelectric sensor measures the rate of blood movement in the finger or earlobe 
through shining light into the skin and sensing changes in light density, and then the 
rate in bpm is calculated and displayed. The polar heart rate monitor from electrodes 
on the chest, transmits heart rate, detected telemetrically to a wristwatch device. The 
two  electrodes  which  detect  the  electric  signals  from  the  heart  beat  are  in  the 
transmitter.  The  transmitter  sends  the  beating  heart  signal  to  the  wrist  receiver 
electromagnetically without wires.(Kirkpatrick and Birnbaum, 1997; Parsons 2003)
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1.6 Heat Balance
Six basic parameters, air temperature, radiant temperature, humidity, air movement, 
human  activity  and clothing  worn by a  human,  are  required  to  define  the  human 
thermal environment. A person maintains heat balance between the human body and 
the  thermal  environment  while  preserving  an  internal  body  temperature  of 
approximately 37°C. Therefore, the human body responds dynamically by keeping a 
constant  internal  body temperature  in a  changing environment.  If  heat  input  were 
greater  than  heat  output,  body temperature  would  go  up  and if  heat  output  were 
greater than heat input, body temperature would decrease. Heat generation involves 
the body, heat transfer and heat storage. The metabolic rate (M) offers energy to do 
the exercise (W) and the remainder is discharged as heat. Heat transfer is achieved by 
conduction (K), convection (C), radiation (R) and evaporation (E). The rate of heat 
storage(S) is shown by the rate of heat production and heat loss. If the body’s heat is 
in balance, the rate of heat storage would be zero. If there were heat gain, storage 
would be positive and body temperature would go up. However, if there were heat 
loss, storage would be negative and body temperature would decrease.
The heat balance equation for the human body can be represented with the body, heat 
transfer and heat storage(M and W are always positive and E, R, C and K are heat 
losses. A negative heat loss is therefore a heat gain. S can be negative for heat loss 
and positive for heat gain).
The conceptual heat balance equation is
M – W = E + R + C + K + S                                                                            (1.14)
For heat balance (S=0)
M – W – E – R – C – K = 0                                                                              (1.15)
Equations for components of the equation are continually updated from the results of 
research. The theory of heat transfer has been important. The research presented in 
this thesis includes consideration of the influence of solar radiation on a person and on 
a thermal manikin by an additional heat input. This is considered in Chapters 3, 4 and 
5.
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In the ‘ordinary’ conditions, heat exchange by conduction is generally considered to 
be  nominal  and  ignored.  The  practical  heat  balance  equation  is  given  by 
ASHRAE(1989)
M – W = Qsk + Qres = (C + R + Esk) + (Cres + Eres)                                          (1.16)
M = rate of metabolic energy production
W = rate of mechanical work
Qsk = total rate of heat loss from the skin
Qres = total rate of heat loss through respiration
C = rate of convective heat loss from the skin
R = rate of radiative heat loss from the skin
Esk = rate of total evaporative heat loss from the skin
Cres = rate of convective heat loss from respiration
Eres = rate of evaporative heat loss from respiration
Therefore a practical approach is to consider heat production within the body (M-W), 
heat loss at the skin (C + R + Esk) and heat loss due to respiration (Cres + Eres).
1.7 Thermal Comfort
ASHRAE(1989)  and ISO7730(2005)  define  thermal  comfort  as  ‘that  condition  of 
mind which expresses satisfaction with the thermal environment’. Thermal comfort 
and  thermal  sensation  are  two  opposite  elements,  and  the  sphere  can  be  from 
uncomfortably  cold  to  uncomfortably  warm  or  hot  across  comfort  or  neutral 
sensations.
In  steady  state,  thermal  comfort  can  be  considered  as  an  absence  of  discomfort. 
Affirmative perceptions like thermal pleasure exist. However they are transient and 
experienced,  for  example,  when  people  in  a  cold  environment  move  to  a  warm 
environment. Hence, the mean subjective expressions of a group of participants can 
represent an acceptable environment on a scale of comfort or thermal sensation(Table
1. 8). For instance, an average rating of 0(neutral) would be considered as an optimum 
environment. An acceptable environment would be any environment for the average 
rating of a large group between -1(slightly cool) and +1(slightly warm) on the scale’. 
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Table 1. 8 Scales of warmth sensation
There  have  been  many  studies  into  thermal  comfort,  and  the  method  that 
Fanger(1970) developed has had great influence worldwide. The method shows that 
human thermal comfort is verified with the compound thermal influence of six basic 
parameters. There are air temperature, relative humidity,  mean radiant temperature, 
air velocity, clothing and activity. He produced the comfort equation and established 
the conditions for people to be in thermal comfort:
1. the body is in heat balance;
2. sweat rate is within comfort limits
3. mean skin temperature is within comfort limits
The comfort equation inputs six basic parameters based on the above three conditions.
Sometimes the body in hot or cold environment can be in heat balance. However it 
may  be  sweating  or  shivering  on  the  conditions  are  uncomfortably  hot  or 
uncomfortably cold. Skin temperature and sweat rates required for comfort must be 
monitored as well as heat balance and they will depend upon activity level.
Thermal comfort also involves an absence of local thermal discomfort. Local thermal 
discomfort  can  be  caused  by  draughts  by  air  movement,  asymmetric  thermal 
radiation,  the vertical  difference of air  temperature,  and surface contact.  National-
geographic location,  ages, and gender and other factors can also influence thermal 
comfort but Fanger(1970) regards them of little practical significance. This is an area 
for debated and more modern approaches take an ‘adaptive’ analysis(Nicol and Raja, 
1996; Nicol, 2004; deDear and Brager, 1998; Nicol and Humphreys, 2002; Parsons, 
2003).
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1.7.1 Predicted mean vote(PMV)
Fanger(1970) suggested that the satisfaction of the comfort equation is a condition for 
optimal thermal comfort. However, the equation just provides the information about 
the combination of the variables for creating optimal thermal comfort, and it might 
not be appropriate for examination of the thermal sensation of people in capricious 
situations.  The  comfort  equation  can be  an index,  and  it  may predict  the  thermal 
sensation  for  any  combination  of  six  basic  parameters.  The  human  body  has  a 
capability  for  maintaining  heat  balance  within  wide  limits  of  the  environmental 
variables, through vasodilatation and vasoconstriction, sweat secretion and shivering. 
However, people are able to feel comfort in a small range of thermal environments, 
and  the  possibility  of  feeling  discomfort  would be higher.  Furthermore,  it  can  be 
considered that the thermal sensation under a certain activity level would show the 
thermal load on the human body. The thermal load means the difference between the 
internal  heat  production  and the heat  loss  to  the  ‘real’  environment  for  people  to 
maintain at the comfort values of the mean skin temperature and the sweat secretion 
under the activity level. In the comfort condition the thermal load will be equal to 
zero.  In other environments  the mean skin temperature and the sweat secretion in 
order to maintain the heat balance of the body will be changed. Hence, the thermal 
load shows the physiological strain on the body, and it is assumed that the thermal 
sensation under an activity level is related to this strain. The PMV index can be less 
precise  at  the combination:  low clo-value and high velocity,  since the actual  skin 
temperature is quite close to the air temperature in that situation. As a measure for the 
thermal sensation the commonly used seven point psycho-physical  ASHRAE scale 
will be used(Table 1. 9).
Table 1. 9 Seven-point thermal sensation scale(ISO7730, 2005)
+3 hot
+2 warm
+1 slightly warm
0 neutral
-1 slightly cool
-2 cool
-3 cold
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A scale is thus obtained which is easier to remember, as it is symmetrical around the 
zero point. ISO7730(2005) provides an identical equation for the PMV as provided in 
Fanger(1970). It is in SI units whereas the original Fanger(1970) equation was not. It 
is provided in equation(1.17) as follows.
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1.7.2 Predicted percentage dissatisfied (PPD)
The predicted percentage of dissatisfied (PPD) can determine the number of potential 
complainers in the thermal environment to which people are exposed. Actual comfort 
zone where people feel is not wide in actual thermal environment, and to know how 
many people would be dissatisfied for the thermal environment would be meaningful. 
PPD was established by the relationship between the percentage of dissatisfied and 
the mean comfort vote.
)2179.003353.0exp(95100 24 PMVPMVPPD ⋅−⋅−⋅−=                                  (1.21)
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1.8 Thermal Indices for use in outdoor conditions
1.8.1 Heat stress indices
A  heat  stress  index  would  be  expressed  as  a  single  number  that  combines  the 
influence  of  essential  parameters  in  human  thermal  environments  especially  hot 
environment to which people are exposed. The index value can be used for indicating 
a safe work environment or predicting the extent of heat strain. 
1.8.1.1 Required sweat rate (Swreq)
The required sweat rate (Swreq) index is one of the rational indices for assessing heat 
stress. The Swreq index was improved theoretically and practically through the heat 
stress index(HSI) and the index of thermal stress(ITS). The Swreq index calculates the 
amount  of  sweat  required  for  heat  balance  and  supplies  a  practical  method  for 
interpretation of the Swreq through comparison of the amount of sweating required 
with  the  actual  physiological  capability  of  the  human  body.  The  Swreq index  is 
developed  from  the  six  basic  parameters  such  as  air  temperature  ta,  radiant 
temperature tr, relative humidityφ , air velocity v, clothing insulation Icl, metabolic rate 
(M) and external work(W). The evaporation required(Ereq) is calculated from
RCECWME resresreq −−−−−=                                                                      (1.22)
The Swreq is calculated by the following formulae(ISO 7933, 1989).
)58(0052.0var
var7.8
var2.55.3
38.2
2
1
/
)(
)(
)624.5(0173.0
)35(0014.0
6.0
25.0
2
max
−+=
=
+=
−=
−=
=
−=
−=
−=
−=
−−−−−=
=
Mv
tth
wr
EEw
ttfhR
ttfhC
PME
tMC
RCECWME
rESw
a
askc
rskclr
askclc
ares
ares
resresreq
reqreqreq
27
[ ]
[ ]
claarask
rcclclcpcl
ce
pcletdyn
tdynassk
clcl
clclrccl
rsk
rsk
Drskr
IMPvttt
hhfIhF
hh
FhR
RPpE
If
fIhhF
tt
ttAAh
57.300128.0254.0571.0045.0093.030
))]/()/11((22.21/[1
7.16
)/(1
/)(
97.11
/1)(/1
)(
)273()273(/
,max
44
−++−++=
+−−+=
=
=
−=
+=
++=
−
+−+
= σ ε
or tsk = 36°C for an approximation or when values are beyond limits for which the tsk 
equation was derived.
From Ereq and maximum evaporation(Emax) and sweating efficiency(r), the following 
formula can be calculated.
Required skin wettedness  
maxE
E
w reqreq =
Required sweat rate 
r
E
Sw reqreq =
Table 1. 10 Reference values for criteria of thermal stress and strain used in ISO 7933(1989) for 
the analytical assessment of hot environments
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Reference values on the acceptance to persons are shown in  Table 1. 10 (Parsons, 
2003). The Swreq index has been further developed with the predicted heat strain(PHS) 
model. For a full description refer to ISO 7933(2004).
1.8.1.2 The wet bulb globe temperature (WBGT) Index
The  wet  bulb  globe  temperature(WBGT)  index  is  a  direct  heat  stress  index  for 
evaluating heat stress and it is used all over the world. In hot environments a simple 
method based upon the wet bulb globe temperature (WBGT) index provides a method 
for  monitoring  and  regulating  heat  stress  (ISO  7243).  This  index  was  originally 
developed by Yaglou and Minard (1957) to reduce heat casualties during the outdoor 
training  of  military recruits  in  the USA. It  is  expressed  with the  measurement  of 
natural  wet-bulb  temperature  (tnwb),  the  globe  temperature  (tg)  and  dry  bulb 
temperature  (ta).  The  wet  bulb  globe  temperature  (WBGT)  is  calculated  from the 
following equations: 
agnwb tttWBGT 1.02.07.0 ++=    in the sun                                                         (1.23)
 
gnwb ttWBGT 3.07.0 +=    out of the sun                                                               (1.24)
Where 
tnwb = temperature of a natural wet bulb thermometer (ºC) 
tg = temperature of a 150mm diameter black globe thermometer (ºC) 
ta = air temperature (ºC). 
If people are exposed to the heterogeneous thermal environment, the WBGT index 
should  be  determined  at  three  heights;  the  head,  abdomen  and  ankles  above  the 
ground(i.e. 0.1m, 1.1m and 1.7m for standing persons and 0.1m, 0.6m and 1.1m for 
seated persons). If the thermal environment has constant values, it is fine to measure 
the WBGT index at just abdomen level. The mean value of the WBGT index can be 
achieved through following equation:
4
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If the measured parameter(p) varies with time, the mean value of the parameter can be 
considered by following equation.
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where
p1, p2, ··, pn : Level of the parameter obtained during the time t1, t2, ··, tn;  t1+t2+…
+tn=T=1h.
The usage of WBGT index instead of only air temperature made the heat casualties 
and time lost by moratorium of training in the heat decrease (Yaglou and Minard, 
1957). WBGT limit values were used to indicate when military recruits could train. It 
applies  to  the  evaluation  of  the  mean  effect  of  heat  on  man  during  a  period 
representative  of  his  activity.  Table  1.  11 shows  the  WBGT  reference  values 
depending on activity level(ISO 7243).
Table 1. 11 Reference values corresponding to a given situation(ISO 7243, 1989)
Metabolic rate(Wm-2)
WBGT reference value
Acclimatized(ºC) Not acclimatized(ºC)
Resting M < 65 33 32
65 < M < 130 30 29
130 < M < 200 28 26
200 < M < 260 25 26* 22 23*
M > 260 23 25* 18 20*
* means the case of sensible air movement.
Parsons(2006) noted that the influence of clothing type on metabolic rate should be 
considered. He suggested a method where the WBGT reference values could be more 
stable without correction for clothing, and that validation study was required.
1.8.1.3 Effective temperature (ET)
The definition of effective temperature is that it is ‘an arbitrary index which combines 
into a single number the effect of dry-bulb temperature, humidity and air motion on 
the sensation of warmth or cold felt by the human body. The numerical value is that 
of the temperature of still saturated air which would induce an identical sensation’. 
The  effective  temperature  may  mean  the  temperature  of  saturated  air  that  might 
provoke an corresponding sensation. The effective temperature was developed, based 
on experiments about immediate impressions of subjects who were walking between 
two rooms. It has been widely used as an index for people in thermal uniformity even 
though it cannot represent prolonged exposure of humans.
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This original ET was developed from mean radiation temperature which would be the 
same as the dry bulb temperature. The corrected effective temperature was produced 
with radiation correction by using globe temperature instead of dry bulb temperature. 
The index was derived from laboratory studies by Houghton and Yagloglou(1923) 
and was used as a thermal comfort index for over fifty year before being overtaken by 
more recent developments.
1.8.2 Cold stress indices
Cold stress causes a reduction in body temperature which can lead to discomfort, cold 
injury and illness. 
1.8.2.1 Old wind chill index(WCI/tch)
The old wind chill index(WCI/tch) is the most widely used cold stress index(Siple 
and Passel, 1945). The index is empirically achieved through the wind speed and air 
temperature  into  a  single  index  or  wind  chill  value.  It  can  estimate  whether  the 
weather  conditions  have  influence  on  comfort  and  health.  Experiments  were 
conducted concerning the heat loss of uninsulated cans of water at various places in 
the  Antarctic  under  conditions  of  freezing  temperatures  and  darkness.  The 
experiments did not consider radiation and absolute humidity.  The rate of cooling 
predicted by the Kata cooling time (Hill, 1919) and the equation of Winslow et al.
(1937) were compared with that provided by the environments.
An  equations  for  the  old  wind  chill  temperature(WCI)  index  was  derived  to 
estimate the rate of cooling of exposed skin:
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Where
v = wind velocity  m/s
ta = air temperature °C
The chilling temperature (tch) is the temperature of calm conditions(v=1.8ms-1) which 
would produce the same influence as the actual environment(i.e. same WCI value). 
The Chilling temperature(tch)  is calculated from the following equations:
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WCItch °−= 22
33                                                                                                   (1.29)
Or from the SI version with tch in Wm-2
CWCItch °−= 5.25
33                                                                                                  (1.30)
1.8.2.2 New wind chill index (Twc)
An improved  version  of  the  wind chill  index  was  derived  based  upon laboratory 
studies  calculated  in  Canada(Tikuisis  and  Osczevski,  2002  and  2003).  Several 
improvements were made in the new wind chill index(Twc) compared with the wind 
chill index. Wind speed was corrected to a height, 1.5m and heat loss theory from the 
body to its surroundings was included. In addition, a walking speed of 1.3m/s was 
used. It assumes clear night sky conditions. It is an index of human sensation and not 
a measure of temperature(ISO 11079, 2007).
16.016.0 3965.037.116215.012.13 TVVTTwc +−+=                                           (1.31)
Where Twc = Wind Chill Index °C
T is the air temperature in C°  and V the wind speed in km h-1 at 10m elevation
Comparison of tch and Twc are presented in Figure 1. 1.
Figure 1. 1 Wind chill temperature comparison(Old vs. New)(NOAA’s National weather service).
NOAA noted that wind chill temperature might go up by 10°F to 18°F(-12°C to -7°C) 
under bright sunshine. To convert from wind speed at 1.5m(standing person) to an 
estimate of wind speed at  10m, it  is suggested that the value is multiplied by 1.5 
(ISO11079, 2007).
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1.8.2.3 The required clothing insulation(IREQ) index
Holmer(1984)  produced  a  thermal  index  of  clothing  insulation  required  for  heat 
balance and of comfort from a calculation of the heat balance equation for a clothed 
person. It formed the IREQ cold stress index(ISO 11079, 2007). For any combination 
of  environmental  conditions(air  temperature,  mean  radiant  temperature,  relative 
humidity, wind speed and clothing) and human activity, where there is a tendency for 
negative storage in the body(i.e. cold), there is a theoretical clothing insulation value 
that  will  meet  these  conditions.  Hence,  IREQ is  the  resultant  clothing  insulation 
required  while  people  are  in  actual  environmental  conditions  and activity  to  keep 
physiological  requirements.  IREQ  provides  a  way  to  find  the  relative  effects  of 
particular factors and to evaluate measurements for improvement. In addition, it can 
provide the particular clothing insulation required and the specific clothing selection.
Two indices are suggested: clothing insulation required for heat balance (IREQmin); 
and  clothing  insulation  required to  provide comfort  (IREQneutral).  IREQmin means  a 
minimum of thermal insulation required to keep thermal steady-state of the body at 
low  body  temperature.  IREQneutral means  the  thermal  insulation  required  to  give 
conditions  of  thermal  neutrality.  Based  on  a  heat  balance  analysis  ‘IREQ’  is 
calculated from the following equations.
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All symbols are described at the beginning of this thesis.
1.8.3 Universal thermal index
COST(European Cooperation in Science and Technology) supplies an opportunity to 
European scientists to collaborate on a research. A project of COST was about an 
universal index which was called Universal Thermal Climate Index(UTCI). The aim 
of the COST Action which was a project of COST was to produce an easy model to 
be able to predict  physiological responses to the various thermal  environments for 
improving applicable methods about human health. The COST Action considered the 
two kinds of requirement for UTCI. It should be valid for comparing simulation using 
existing multi-node models  and simple heat budget models  and it  should be valid 
against experimental results. The commission on UTCI of the international society of 
Biometeorology has suggested that the UTCI model should take the following aspects 
into account when fully developed.
* be based on the most advanced multi-node thermophysiological models as reference  
for obtaining the key results from systematic simulations.
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* include the capability to predict both whole body thermal effects(hypothermia and  
hyperthermia;  heat  and  cold  discomfort),  and  local  effects(facial,  hands  and  feet  
cooling and frostbite).
* represent a temperature-scale index,(i.e. the air temperature of a defined reference  
environment providing the same heat exchange condition).
The Fiala et al.(1999, 2001 and 2003) model has been selected to build up the new 
UTCI model through examining the suitability of several thermal models of human 
physiology.
1.8.3.1 Universal thermal climate index(UTCI)
The essential  part  of developing UTCI was to produce the thermal and regulatory 
behaviours of an average person over various environmental conditions. The model 
can  explain  human  heat  transfer  and  thermal  comfort,  and  it  composes  of  two 
interacting systems: the controlled passive system and the controlling active system. 
In addition, a thermal comfort model which anticipates dynamic human perceptual 
responses based on physiological states. 
The passive system acts on the physical human body and the dynamic heat transfer 
conditions.  A multi-segmental,  multi-layered  representation  of  the  human  body is 
explained, and the average human body is considered as a body weight of 73.5kg, 
body  fat  content  of  14%wt,  Dubois-area  of  1.86m2.  The  body  is  considered  as 
spherical and cylindrical elements with annular concentric tissue layers. The passive 
system of the UTCI model composes of 12 body segments with 187 tissue nodes. 
Heat transfer within the tissue and heat exchange with the environment is included in 
the formulas of the passive system.
The active system is to predict the thermoregulatory defence reactions of the central 
nervous  system;  vasoconstriction  and  vasodilatation,  shivering  and  sweating.  The 
active  system was  produced  using  statistical  regression  based  on  various  data  of 
physiological experiments which consisted of steady state and transient cold stress 
and cold to hot stress conditions with various activity levels.
The  UTCI  can  predict  thermal  comfort  which  is  perceptual  responses  from 
physiological body conditions. The comfort model was produced using the correlation 
between  experimental  results  and  observed overall  thermal  sensation  votes.  For  a 
detailed description of the development of the UTCI see Brode(2009).
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1.9 Conclusion
To provide a valid and practical assessment of outdoor weather condition on people, it 
is  essential  to  quantify at  least  six  basic  parameters(air  temperature,  mean radiant 
temperature,  humidity,  wind  speed,  clothing  and  activity).  Outdoor  conditions  to 
which  people  are  exposed  are  in  non  steady-state  and  individuals  show  various 
physiological and psychological responses to the thermal environments. If people are 
exposed  to  severe  weather  conditions  such  as  cold  and  hot  environments,  their 
thermoregulation system could be out of balance. Hence a valid thermal index which 
integrates  the environmental  thermal  parameters  is  required for estimating  optimal 
working conditions  which would allow people to be comfortable  and to have less 
physiological strain on the human body.
1.  Six  basic  parameters  should  be  considered  for  quantifying  human  thermal 
environments;  air temperature,  radiant  temperature,  air velocity,  humidity,  clothing 
and activity.
2. At least four physiological parameters should be measured for the examination of 
thermal  stress  or  strain.;  Skin  temperature,  internal  body  temperature,  sweat 
production, and heart rate.
3.  Human  responses  can  be  predicted  by  a  theoretical  approach(i.e.  human  heat 
balance model, thermal comfort equation and thermal stress indices etc).
This  chapter  has  reviewed  the  principles  behind  human  responses  to  thermal 
environment(for hot, moderate and cold environments), with particular emphasis on 
outdoor conditions. It has also presented measurement methods and commonly used 
thermal indices. Chapter 2 presents the methods used in the studies presented in this 
thesis  and  chapters  9  and 10  provide  an  evaluation  of  thermal  indices  for  use  in 
predicting human responses to outdoor weather conditions.
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Chapter 2: Equipment and Methods
2.1 Chapter Summary
This chapter considers the methods used in the experimental research and the way 
environmental parameters, physiological parameters, and subjective parameters were 
measured.  In  addition,  the  equipment  used  in  this  research,  and  experimental 
procedures and protocols are described. Furthermore, trials with a thermal manikin, 
‘Victoria’ are presented.
2.2 Introduction
To  investigate  human  thermal  environments  directly,  it  is  necessary  to  quantify 
environmental,  physiological,  and  psychological  aspects.  Basic  environmental 
parameters  can  be  measured  using  quantifying  instruments,  physiological 
measurement  can be conducted with transducers  attached to  the human body,  and 
psychological responses can generally be quantified with subjective questionnaires. 
Selecting  instruments  and the  way to  use  them are important  and ISO7726(2001) 
provides  guidance  for  quantifying  environmental  parameters.  ISO9886(2004) 
suggests the guidance for assessing physiological responses and ISO10551(2001) for 
using subjective judgement scales.
For the evaluation of human responses, there are two kinds of methods: laboratory 
trials  and field  trials.  In  the  case of  laboratory trials,  the  physical  environment  is 
controlled by regulating the independent variables and for measuring the dependent 
variables. For field trials in natural physical environments, the independent variables 
cannot generally be controlled. Field trials therefore are difficult to control but are 
realistic. Laboratory trials lack realism but can be controlled with a better chance of 
determining cause and effect. When used together the two results can provide valid 
models  of  human  responses.  To  use  laboratory  trials  alone  for  predicting  human 
responses in the field misses out a vital stage in the development of practical models 
of human responses to the environment.
2.3 Investigation Methodology
The sun provides heat, and it arrives on the surface of the earth depending largely 
upon weather conditions. People working outdoors will receive this heat as part of 
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their thermal environment. Some of the heat will be absorbed by the person and it will 
influence the heat exchange between the body and the environment. 
The  research  described  in  this  thesis  develops  methods  for  predicting  human 
responses  to  thermal  environments  where  there  is  solar  load,  from  relevant  and 
measurable parameters. The project can be divided by two sections; quantifying the 
solar load and quantifying human response to a range of weather conditions. The first 
section  includes  empirical  experiments  where  human  responses  are  measured  in 
identical  conditions but with and without solar load.  The experimental  programme 
includes  measurements  of  the  thermal  environment,  subjective  responses,  sweat 
production and internal body temperature. A human subject and a thermal manikin 
were exposed in outdoor environments and corresponding indoor environments which 
were simulated as the same environmental  conditions as outdoors except for solar 
radiation. The contribution of solar load was quantified using the sweat loss from a 
subject and the energy consumption of a thermal manikin. The difference between 
sweat loss in shade and solar conditions is attributable to the stress of the solar load. 
The results allowed existing methods for assessing thermal conditions to be improved 
to account for the contribution of solar radiation. The second section also includes a 
range of outdoor empirical experiments where human responses were measured. The 
experimental  programme  was  similar  to  the  first  one.  However,  the  second 
programme consisted of  two sections;  130 individual  experiments  and four  group 
experiments involving a total of 38 people. 
Part of that system involves the use of a valid index to represent weather conditions to 
which people are  exposed and predict  the  physiological  strain  and hence  possible 
health effects on people. Hot, moderate and cold climates were considered across all 
seasons of the year in the United Kingdom.
2.4 Experimental Methods and Procedures
2.4.1 Environmental measurements
2.4.1.1 Air temperature
Air  temperature  is  generally  measured  with  a  mercury-in-glass  thermometer,  a 
thermocouple or a thermistor which is a type of resistor with resistance, that varies 
with  temperature.  In  this  study,  a  whirling  hygrometer  with  two mercury-in-glass 
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thermometers  was  used(Figure  2.  1).  It  provides  an  effective  way to  measure  air 
temperature while minimizing the influence of radiation.
Figure 2. 1 Whirling hygrometer.
2.4.1.2 Mean radiant temperature
The mean radiant temperature can be derived from the black globe temperature. A 
black globe thermometer with a diameter of 150mm was used(Figure 2. 2). A grant 
type EU thermistor was used to record the globe temperature, 1.2m from ground level 
at sixty second intervals using a Grant 1200 Series Squirrel data logger(Type SQ16-
16U) in open areas(Figure 2. 6). Equation 1.3(Chapter 1) was used for calculating 
mean radiant temperature.
Figure 2. 2 Black globe thermometers with WBGT kit and Pyranometers. 
2.4.1.3 Humidity
The whirling  hygrometer  which  contains  two mercury  in  glass  thermometers  was 
used(Figure  2.  1).  The bulb  of  one thermometer  was  covered with  a  close fitting 
meshed cotton sleeve saturated with distilled water(wet bulb) and the other one is a 
normal  dry  bulb.  The  decrease  in  wet  bulb  temperature  due  to  heat  loss  by 
evaporation is related to the humidity of the environment. The condition of air can be 
decided with dry bulb temperature and wet bulb temperature by using a psychrometric 
chart(Figure 2. 4). The chart are composed of dry-bulb temperature on x-axis, wet-
bulb temperature on deviant crease lines, relative humidity on parabolas and vapour 
Pyranometer
Black globe 
thermometer with 
WBGT setup
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pressure on y-axis on the left hand side. The point of intersection of dry bulb and wet 
bulb  temperature  are  needed to  characterize  relative  humidity  on a  psychrometric 
chart.  For  example,  when dry bulb and wet  bulb temperature  are  25°C and 18°C 
respectively,  relative  humidity  is  50%.  Humidity  can  also  be  found by Antoine’s 
equation.  Humidity is  expressed as the partial  vapour pressure of water vapour in 
air(Pa) and the relative humidity which is the ratio of Pa to the saturated water pressure 
at that temperature(Psa), usually expressed as a percentage. The saturated water vapour 
pressure Psa(mb)  at  1  atmosphere,  and a  temperature  T(°C) is  given by Antoine’s 
equation:
mb
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From dry bulb (air temperature, ta) and aspirated wet bulb temperature(twb) values of 
the partial vapour pressure(Pa), relative humidity( φ ) and dew point (tdp) can then be 
calculated:
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Where Pswb is the saturated water vapour pressure at the wet bulb temperature and dew 
point
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For units conversion, 10mb = 1kPa
2.4.1.4 Air velocity
Two anemometers  were set  up,  a  Brüel & Kjær MM 0038 and Oregon Scientific 
wireless weather station WMR928NX(Figure 2. 3). A Brüel & Kjær MM 0038 air 
velocity transducer records on the Brüel & Kjær type 1213 at sixty second intervals. 
    
Figure 2. 3 A Brüel & Kjær anemometer and wireless cup anemometer from left.
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Figure 2. 4 Psychrometric chart(Ellis et al., 1972).
2.4.1.5 Wet-bulb globe temperature (WBGT)
Measurement of the WBGT was made according to the specifications of ISO 7243. 
The web bulb globe thermometers consisted of a natural wet bulb thermometer(Grant 
CT-U-V3-1 probe), black globe, and a shielded thermistor for air temperature. Three 
wet bulb globe thermometers were placed at 0.2m, 1m and 1.70m from the floor level 
in the open space(Figure 2. 2). Measurements from the WBGT were recorded every 
sixty seconds using an Eltek/Grant 1200 Series Squirrel data logger(Type SQ16-16U).
2.4.1.6 Clothing
Five types of ensembles were used depending upon the air temperature. The clo value 
was determined by measurement on a thermal manikin(Figure 2. 5 and Appendix A).
Type  1(0.59clo)  -  ‘underwear,  white  short-sleeved  T  shirt,  blue  jeans,  socks  and 
training shoes’.
Type 2(0.85clo) - ‘underwear, white short-sleeved T shirt, white long-sleeved shirt, 
blue jeans, socks and training shoes’. 
Type  3(0.96clo)  -  ‘underwear,  white  short-sleeved  T-shirt,  grey  sweat  shirt,  blue 
jeans, socks and training shoes’. 
41
Type 4(1.07clo) - ‘underwear, white long-sleeved shirt, grey sweat shirt, blue jeans, 
socks and training shoes’. 
Type 5(1.13clo) - ‘underwear, white short-sleeved T-shirt, white long-sleeved shirt, 
grey sweat shirt, blue jeans, socks and training shoes’.
            
Figure 2. 5 Thermal manikin, Victoria(0.59clo, 0.85clo, 0.96clo, 1.07/1.13clo from left).
2.4.1.7 Solar radiation
Solar radiation can be measured with radiometers and pyranometers. In this study, 
measurement  of  the  solar  radiation  was  made  by  a  Kipp  and  zonen  CM11 
pyranometer(Figure 2. 2). One pyranometer was placed at 1.2m from the ground for 
measuring direct solar radiation and the other one was used for measuring reflected 
solar radiation. Reading were recorded every sixty seconds.
2.4.2 Physiological measurements
2.4.2.1 Internal body temperature
There  are  various  ways  to  measure  internal  body  temperature(often  called  ‘core’ 
temperature)  such  as  tympanic  temperature,  aural  temperature,  oral  temperature, 
oesophageal temperature, subclavian temperature and rectal temperature etc. In this 
study,  aural  temperature was used for measuring internal  body temperature.  Aural 
temperature is measured in the ear canal(Figure 2. 6). The sensor is placed near to the 
tympanum. Cotton wool and plastic ear plugs were used for providing good insulation 
and helping to ensure that the sensor was in the correct position. 
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Figure 2. 6 Data logger, aural thermestor and skin thermestor.
2.4.2.2 Skin temperature
Skin temperature can be measured by placing thermistors on the skin(Figure 2. 6) or 
using infrared thermography. Various sites on the skin can be used for the estimation 
of mean skin temperature over the body from a weighted average of skin temperatures 
at the individual sites of skin. In this study, four sites of skin temperature, chest, arm, 
thigh, and calf were measured and Ramanathan’s(1964) equation was used for mean 
skin temperature(tsk). 
)5.2(2.02.03.03.0 calfthigharmchestsk ttttt ×+×+×+×=
2.4.2.3 Heart rate
Heart rate was measured and recorded every minute using Polar Sports Testers(Figure
2. 7). A strap was placed on the chest of each participant and the receiver watch was 
on the wrist of each subject. It directly showed the heart rate as beats per minute.
Figure 2. 7 Polar heart rate monitor.
Aural
thermistor
Skin 
thermistor
Data 
logger
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2.4.2.4 Sweat loss
Sweat production was calculated from the body mass loss(Mettler 1D1 Multi-range 
Digital Dynamic Scales)(Figure 2. 8). Clothes and semi-nude weight were recorded 
separately  before  and  after  exposure.  Sweat  loss  was  calculated  by  following 
equations(Parsons, 2003).
Figure 2. 8 Multi-range digital scale.
Dry weight nude  --------  NB (‘Nude’(minimally clothed) before the experiment)
Dry weight clothed  -----  CB (Clothed before the experiment)
Wet weight nude ---------  NA (‘Nude’(minimally clothed) after the experiment)
Wet weight clothed ------  CA (Clothed after the experiment)
--------------------------------------------------------------
Total sweat produced           NB – NA
Dry weight of clothing         CB – NB
Wet weight of clothing         CA – NA
Sweat trapped in clothing    (CA – NA) – (CB – NB)
Sweat evaporated                 (NB – NA) – [(CA – NA) – (CB – NB)]
Thermal  strain  is  related  to  body mass  loss,  mostly  due  to  sweat  loss.  However, 
although relatively small, evaporative loss because of breathing also has an effect on 
body mass loss. Sweat loss is related to body temperature, skin wettedness, metabolic 
rate and heat storage.
Evaporative heat loss due to sweating is calculated from body mass loss, according to 
ISO 7933 (1 Wm-2 = 2.67g/h or 1.47g/m2·h for a standard subject (1.8m2 body surface 
area)). Sweat rate was calculated by following equation.
Sweat Rate = (Sweat evaporated×1.8)/(body surface area×2.67) Wm-2
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2.4.2.5 Metabolic rate
The American  College of Sports  Medicine presented the guidelines  for estimating 
Metabolic rate and they are described in Chapter 1. In this study, metabolic rate was 
estimated from step height and step speed using Equation 1.4 and 1.6(ACSM, 2006; 
ISO8996).
2.4.3 Subjective measurements
Parsons(2003) suggested that one of the methods to determine what people feel is to 
use a subjective questionnaire. Not only thermal sensation, comfort, pleasure but also 
behavioural  effects  are  induced by all  psychological  phenomena.  Furthermore,  the 
correlation between the physical condition and physiological reaction of a person and 
psychological  responses has been established through many studies. Parsons(2003) 
also introduced the PMVsolar index (Hodder, 2002; Hodder and Parsons, 2006) which 
was a modified PMV index. PMVsolar predicted thermal sensation on an extended 11 
point scale(from +5, extremely hot; through 0, neutral; to -5, extremely cold). The 
scale takes the effects of direct  solar radiation into account.  The extended thermal 
sensation scale was used for this study(see Figure 2. 9).
The questionnaire about subjective responses consisted of thermal sensation, thermal 
comfort,  stickiness, preference, pleasantness, acceptance and satisfaction as well as 
Borg’s rate of perceived exertion. In the case of thermal sensation, the 11 point scale 
from extremely hot to extremely cold was used. Thermal comfort and stickiness were 
composed of 4 point scales, ranging from not uncomfortable to very uncomfortable 
and from not sticky to very sticky. In terms of preference and pleasantness, 7 points 
from much cooler to much warmer and from very unpleasant to very pleasant were 
used.  Acceptance  and  satisfaction  were  divided  by  two  points  of  acceptable  and 
unacceptable  and  satisfied  and  dissatisfied.  In  addition,  Borg’s  rate  of  perceived 
exertion(Borg’s  RPE)  that  is  divided  by 15  levels  was  measured.  It  is  a  tool  for 
estimating effort and exertion,  breathlessness, and fatigue during physical  work. A 
rating of ‘6’ means no exertion at all and ‘20’ means maximal exertion in this scale. 
Figure  2.  9 shows  the  questionnaire  that  was  used  in  the  series  of  experiments 
presented in this thesis.
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Thermal comfort assessment
Date:                         Condition: outdoor    Time:                       Subject:
1. Thermal Environment. Please rate how YOU feel NOW: 
 5 Extremely hot
 4 Very hot
 3 Hot
 2 Warm
 1 Slightly warm
 0 Neutral
-1 Slightly cool
-2 Cool
-3 Cold
-4 Very cold
-5 Extremely cold
2. Please rate on the scale how YOU would like to be NOW:
Much warmer Warmer Slightly warmer No change Slightly cooler Cooler Much cooler
3. Please rate on the scale how YOU feel NOW in this thermal environment:
Very pleasant Pleasant Slightly pleasant Neither pleasant nor unpleasant
Slightly 
unpleasant Unpleasant Very unpleasant
4. Please indicate how acceptable YOU find 
this thermal environment :
acceptable    /    unacceptable 
5. Please indicate how satisfied YOU are with 
this thermal environment:
satisfied    /   dissatisfied 
Comments,(Main source of discomfort):  
6. Please rate on the following scale how heavy and strenuous the exercise feel to you?
(give the number)
6 No exertion at all
7 Extremely light
4 Very uncomfortable
3 Uncomfortable
2 Slightly uncomfortable
1 Not uncomfortable
4 Very sticky
3 Sticky
2 Slightly sticky
1 Not sticky
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8
9 Very light
10
11 Light
12
13 Somewhat hard
14
15 Hard (heavy)
16
17 Very hard
18
19 Extremely hard
20 Maximal exertion
Figure 2. 9 Subjective questionnaire.
2.4.4 Thermal manikin
A heated thermal manikin represents the temperature distribution of the skin across 
the human body. The power to maintain the temperature can be used for estimating 
the  heat  transfer  between  a  person  and  the  environment.  The  thermal  manikin 
VICTORIA(P.T.  Teknik,  Denmark)  was  made  with  plastic  foam and coated  with 
several layers of plastic and supported by an internal metal ‘skeleton’, equipped with 
neck, shoulder, wrist, hip and knee joints which allow the manikin to be placed in 
different positions. It doesn’t allow for controlled sweating and walking movement.
VICTORIA has 20 independently heated segments such as left foot, right foot, left 
low leg, right low leg, left front thigh, left back thigh, right front thigh, left back thigh, 
pelvis, backside, head, crown, left hand, right hand, left forearm, right forearm, left 
upper arm, right upper arm, chest and back(Figure 2. 10 and Figure 2. 12). Each limb 
is divided into seven segments, the trunk is composed of four segments and the head 
two.  Each  segment  is  individually  powered,  the  voltage  depending  on  the 
environmental  conditions.  The  hot  wires  are  used  for  surface  temperature 
measurement.
The  heat  loss  from  the  skin  surface  of  the  manikin  is  gained  as  the  energy 
consumption of the heating segments. The mean values are calculated on the basis of 
the temperatures and power values of 20 segments.
2.4.5 Procedures
For all experiments a similar procedures was carried out which can be described in 
general  as  follows.  A  health  screening  and  consent  form  was  completed  when 
participants arrived at the laboratory.  Skin temperature sensors were fitted to their 
body(on arm,  chest,  thigh,  and calf),  aural  sensors  fitted  in  the ears.  A heart  rate 
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monitor  was  fitted  to  the  chest  with  a  wrist  watch  recorder.  Participants  were 
weighed, then changed into a set of clothes provided, and weighed again. They rested 
in  the  thermal  neutral  room for  ten  minutes  or  until  the  sensor  readings  became 
constant.  Then they  went  outside  and exercised  for  60  minutes  in  an open space 
facing the sun, performing a step test in time to a metronome set at a rate of 80bpm on 
a  vertical  rise  of  100mm.  During  this  period,  they  also  completed  subjective 
questionnaires every five minute. On completion of the experiment, participants were 
weighed again.
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Figure 2.  10 Diagram of a thermal manikin(Segments of Victoria: 1,2- right(r) and left(l) hand, 
3,4-  r,l  forearm,  5,6-r,l  upper  arm,  7-crown,  8-head,  9-chest,  10-back,  11-pelvis,  12-backside, 
13,14- r,l front thigh, 15,16- r,l back thigh, 17,18- r,l low leg, 19,20- r,l foot.
2.5 Equipment tests
2.5.1 Calibration
It  is  important  to  ensure  accurate  calibration  of  equipment.  All  thermistors  were 
calibrated in a stirred water bath(Grant S1.15) before conducting experiments.  The 
sensors were placed in a stirred water bath, and values were compared with that of an 
accurate certificated mercury-in-glass thermometer by which the water temperature of 
the small stirred water bath was measured(Figure 2. 11). Thermistors were allowed to 
be used if they had an accuracy of within 0.2°C compared with the standard mercury-
in-glass  thermometer  reading.  The  pyranometers(Kipp  and  zonen  CM11)  were 
calibrated by the manufacturers of the instruments.
In the case of calibration of a thermal manikin,  air  temperature were measured as 
close as possible to a thermal manikin and air temperature sensors were installed at 
various  levels  from the ground.  The  air  temperatures  near  the manikin  were  kept 
‘constant’  horizontally  and  vertically(within  0.5°C)  while  the  calibration  was 
conducted for an hour. The manikin was operated in ‘no heat’ mode which meant the 
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‘power control’ was off. The manikin then becomes a kind of a thermistor which can 
show the temperature related to environmental temperature. For acceptable calibration 
the temperature of all  segments  of the manikin  should be within 0.5°C of the air 
temperature.
Figure 2. 11 Water bath.
In  this  study,  air  temperature  was measured  0.1m from the thermal  manikin.  The 
thermistors were placed at five levels (0.1m, 0.5m, 1.0m, 1.4m, and 1.8m from the 
floor levels) on both sides of the thermal manikin(Figure 2. 12). The thermal manikin 
showed an  accuracy  of  0.2°C compared  with  air  temperature  measured  using  the 
calibrated thermistors.
     
Figure 2. 12 Victoria, a thermal manikin under calibration.
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2.5.2  Short  tests  on the  consuming energy of  the  thermal 
manikin
To ensure the accuracy of a thermal manikin ‘Victoria’, two trials were conducted. 
The aim was to gain into how much energy is needed to raise the temperature of the 
thermal manikin.
2.5.2.1 Methods 
In the first trial, skin temperature of the manikin was set to a uniform 30 ºC. When the 
manikin was ‘settled down’ the skin temperature was changed to 34 ºC, and then 32 
ºC and each steps consisted of the duration of around 60mins. The air temperature of 
the first trial was 28 ºC. On the second trial, skin temperature of the manikin was set 
up to 30 ºC, 32 ºC, and then 34 ºC when the air temperature was 25.5 ºC. ‘All’ curves 
on  Figure 2. 13 and  Figure 2. 14 present a weighted value which includes all body 
parts of 20 segments. That is the total power used by the manikin. 
2.5.2.2 Results
This  test  observed the  response of  the thermal  manikin  when a  setup  of  the skin 
temperature was changed and how much power the manikin would consume.  The 
results of first trial were shown in Figure 2. 13 and Table 2. 1. The air temperature of 
the thermal chamber was set up at 28(±0.18) ºC over the whole of this first test. The 
manikin  maintained  the constant  skin temperature  in  each  step and consumed the 
power on average 19.8Wm-2 in overall body at a skin temperature of 30ºC. 61.7 Wm-2 
was consumed at 34 ºC and 38.4 Wm-2 at 32 ºC.
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Figure  2.  13 The results  of  consumed  heat  for  30  ºC,  34  ºC,  32  ºC of  the  thermal  manikin 
temperature at ta of 28 ºC. 
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Each segment showed the same relative skin temperature at 30ºC, 34ºC, and 32ºC. 
The segment that consumed the lowest heat was the crown and the highest heat was 
consumed by the hand.
Figure 2. 14 and Table 2. 2 showed the results of second trial. The air temperature in 
the thermal chamber was set at 25.7(±0.12) ºC. The skin temperature of the manikin 
was set at 30 ºC, 32 ºC and then 34 ºC in order. The results for 60mins in each step are 
shown in Figure 2. 14. The air temperature at each skin temperature was constant. The 
consumed power for the overall body at a constant skin temperature was, an average, 
41.6Wm-2 for 30ºC, 58.7Wm-2 was consumed for 32ºC, and 76.9Wm-2 for 34ºC.
Table 2. 1 The consumed power of each manikin segment for the steady state skin temperature of 
30°C, 34°C and 32°C at an air temperature of 28°C.
Power at 30°C Power at 34°C Power at 32°C
Average(Wm-2) SD(±) Average(Wm-2) SD(±) Average(Wm-2) SD(±)
Left foot 8.9 0.61 31.3 0.81 19.4 0.71
Right foot 8.5 0.61 30.5 0.76 18.7 0.74
Left low Leg 33.7 2.47 100.7 2.97 68.0 2.56
Right low leg 31.9 2.46 95.3 2.94 63.9 2.64
Left front thigh 22.6 1.63 72.0 2.00 44.8 2.39
Left back thigh 20.9 1.36 64.9 2.09 39.7 2.07
Right front thigh 22.5 1.61 70.4 1.99 44.2 2.31
Right back thigh 20.3 1.24 63.4 1.88 38.6 1.88
Pelvis 11.8 1.20 39.2 2.69 16.0 1.26
Backside 9.9 1.09 33.2 2.28 14.1 0.94
Head 31.0 2.36 86.5 2.74 59.1 2.47
Crown 0.2 0.24 13.0 0.94 5.0 0.88
Left hand 43.5 4.38 126.8 4.62 86.8 4.65
Right hand 38.6 3.63 103.9 5.02 73.7 4.45
Left forearm 31.6 3.22 95.6 3.48 64.6 3.22
Right forearm 28.9 3.00 86.6 3.63 58.8 3.23
Left upperarm 18.0 1.44 56.1 2.07 35.5 1.92
Right upperarm 15.8 1.31 51.8 2.46 31.4 2.09
Chest 11.8 0.82 41.9 1.35 23.1 1.38
Back 9.1 0.73 30.8 1.32 15.2 1.11
All 19.8 1.39 61.7 1.73 38.4 1.83
Each body segments showed the same disposition at the skin temperature of 30ºC, 
32ºC, and 34ºC. The lowest heat consumed segment at all three skin temperatures was 
the ‘crown’ and the highest heat consumed segment was the ‘hand’.
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Figure  2.  14 The results  of  consumed  heat  for  30  ºC,  32  ºC,  34  ºC of  the  thermal  manikin 
temperature at ta of 26 ºC.
Table 2. 2 The consumed power of each manikin segments for the steady state skin temperature 
of 30°C, 32°C and 34°C at an air temperature of 26°C.
Power at 30°C Power at 32°C Power at 34°C
Average(Wm-2) SD(±) Average(Wm-2) SD(±) Average(Wm-2) SD(±)
Left foot 21.2 0.81 32.2 0.55 41.7 0.40
Right foot 20.3 0.84 30.9 0.62 40.0 0.52
Left low Leg 69.5 2.78 99.4 2.01 131.4 2.12
Right low leg 68.5 2.91 97.2 2.04 127.8 2.15
Left front thigh 48.3 2.17 68.6 1.66 89.9 1.65
Left back thigh 43.0 1.57 59.5 1.47 78.3 1.66
Right front thigh 48.1 2.07 68.1 1.41 88.7 1.20
Right back thigh 41.2 1.57 58.1 1.23 76.4 1.12
Pelvis 22.0 0.60 30.1 0.56 39.6 0.47
Backside 20.4 0.43 27.6 0.45 35.4 0.38
Head 57.9 2.41 81.1 2.14 106.2 2.03
Crown 3.8 0.44 9.3 0.27 15.1 0.21
Left hand 89.3 4.23 123.4 2.90 163.6 2.81
Right hand 74.8 4.44 103.6 4.64 132.1 5.46
Left forearm 70.7 3.57 98.4 2.99 129.5 3.18
Right forearm 63.1 3.33 87.6 3.02 114.0 2.64
Left upperarm 36.3 2.14 51.3 2.25 66.8 2.49
Right upperarm 32.1 1.84 46.1 2.13 59.8 2.29
Chest 26.0 1.02 38.1 0.80 49.5 0.68
Back 21.7 0.80 29.7 0.62 37.9 0.44
All 41.6 1.63 58.7 1.05 76.9 0.60
Theoretical calculation
Experiment 1.(air temperature ta=28°C) Manikin tsk 30°C to 34°C to 32°C)
Power to maintain a mean skin temperature of 30°C = 19.8Wm-2
Power to maintain a mean skin temperature of 34°C = 61.7Wm-2
Power to maintain a mean skin temperature of 32°C = 38.4Wm-2
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Assume
Power required = K(tsk-ta)
at tsk = 30°C    19.8 = K(30-28)   K = 9.9W/m2°C
at tsk = 34°C    61.7 = K(34-28)   K = 10.3W/m2°C
at tsk = 32°C    38.4 = K(32-28)   K = 9.6W/m2°C
For changing conditions
Amount  of energy required to  raise  manikin  temperature  from 30°C to 34°C will 
depend  upon  environmental  conditions  for  the  condition  investigated,  if  the 
experiment had been closed, we consumed
Q = mass × specific heat × (temperature change)
Let   mass × specific heat = Cmanikin
Hence to raise the manikin from 30 to 34°C
Q = Cmanikin (34-30) Wm-2
For experiment 1
61.7 – 19.8 = Cmanikin(34-30)         so   Cmanikin = 10.5W/m2°C
Although  the  assumption  of  a  closed(completely  insulated)  system  is  very 
approximate, Experiment 1 implies that (as a rough estimate) it would require around 
10W/m2 to raise the manikin by 1°C.
Experiment 2.(air temperature ta=25.5°C) Manikin tsk 30°C to 32°C to 34°C)
Power to maintain a mean skin temperature of 30°C = 41.6Wm-2
Power to maintain a mean skin temperature of 32°C = 58.7Wm-2
Power to maintain a mean skin temperature of 34°C = 76.9Wm-2
As above
at tsk = 30°C    41.6 = K(30-25.5)   K = 9.2W/m2°C
at tsk = 32°C    58.7 = K(32-25.5)   K = 9.0W/m2°C
at tsk = 34°C    76.9 = K(34-25.5)   K = 9.0W/m2°C
For changing conditions(See above)
Q = Cmanikin (34-30) Wm-2
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For experiment 2
76.9 – 41.6 = Cmanikin(34-30) Wm-2         so   Cmanikin = 8.8W/m2°C
2.6 Conclusion
1. Victoria showed rapid responses by changing the setup skin temperature once ‘she’ 
was settled down. Two kinds of trials showed similar results. 
2. More power was required for the manikin to keep the constant skin temperature 
when in lower air temperature
3. 19.8Wm-2 at air temperature of 28ºC and 41.6Wm-2 at air temperature of 25.5ºC 
were consumed at skin temperature of 30ºC. 
4. 38.4Wm-2 at air temperature of 28ºC and 58.7Wm-2 at air temperature of 25.5ºC 
were dissipated at skin temperature of 32ºC. 
5. 61.7Wm-2 at air temperature of 28ºC and 76.9Wm-2 at air temperature of 25.5ºC 
were used up at skin temperature of 34ºC.  
6.  It  can  be  calculated  that,  as  a  first  estimate,  the  power  to  raise  the  manikin 
‘Victoria’ by 1°C is around 10Wm-2 in experiment 1 and 9Wm-2 in experiment 2.
7.  A full  heat  balance  analysis  with further  experimentation  would be required to 
investigate  further  the  thermo-dynamics  of  the  manikin.  However,  as  a  first 
approximation it is calculated that to raise the manikin by 1ºC a value of 9.5Wm-2 can 
be used.
The application of the simple manikin trials reported in Experiments 1 and 2 is to 
provide an indication of the heat input provided when skin temperatures rise.
This can occur due to the environment, where the temperature in the environment are 
greater than those programmed to be kept constant on the manikin skin. An example 
might be where the manikin is programmed to provide a constant skin temperature of 
say 36 ºC but the skin rises to 38 ºC due to high air temperature, solar gain etc. An 
approximate estimated of energy from the environment would then be 2(difference of 
temperature between 36 ºC and 38 ºC)×9.5 W/m2°C = 19W/m2.
This chapter has presented equipment and methods used in the experiments presented 
in the thesis. It has also presented calibration techniques that was used to ensure that 
what was measured, was measured to the required accuracy. The following chapter is 
presented  in  Part  Two  of  the  thesis  which  is  concerned  with  quantifying  the 
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contribution of solar load to human response and uses the methods and equipment 
presented.
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Part Two: Quantification of the contribution of solar 
radiation to human response
Chapter 3: Use of human subjects to quantify solar 
radiation
3.1 Chapter Summary
This  chapter  considers  the  contribution  of  solar  radiation  to  the  heat  load  on  the 
human body. It describes experiments conducted with a human subject. A participant 
was exposed to outdoor weather conditions – with solar load. Later on a different day 
at the same time of day, in the thermal chamber, the subject was exposed to the same 
conditions as the prior outdoor weather conditions, but with no sun. The difference 
between  outdoor  and  indoor  results  was  presented.  The  results  consisted  of 
environmental, physiological, and subjective measurements and allowed an estimate 
to be made of the contribution of solar radiation to heat stress on the human body.
3.2 Introduction
Much research into thermal comfort as well as human response to heat and cold has 
been conducted in thermal chambers which typically do not simulate solar radiation. 
Humans, however, gain heat from solar radiation in outdoor activities. Solar radiation 
is a form of electromagnetic energy, which includes x-rays, ultraviolet and infrared 
radiation,  and radio emissions, as well as visible light, emanating from the sun. A 
number of studies about solar radiation and its effect on people have been conducted 
by  Breckenridge  and  Goldman(1972),  Givoni(1976),  Shapiro  et  al.(1982), 
Nielsen(1990),  McNeill(1998),  Blazejczyk(2000)  and Kwon and Parsons(2007).  In 
accordance  with  the  solar  action  and the  earth’s  distance  from the  sun,  the  solar 
energy in the upper air ranges from 1252.32 Wm-2 to 1391.47 Wm-2 (Givoni, 1976). 
Solar heat on the body is received by the outside of clothing and an exposed skin 
(Burton & Edholm, 1969). Givoni(1976) considered that to provide human comfort 
and appropriate building design required factors of the major climate such as solar 
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radiation, long wave radiation to the sky, air temperature, humidity, air velocity and 
precipitation.  Hence  it  is  important  to  understand the  effect  of  solar  radiation  on 
people.
Parsons(2003) suggested that when human thermal environments are considered, the 
six basic  parameters  are  required as a  minimum for any assessment.  They are  air 
temperature,  radiant  temperature,  air  velocity,  humidity,  activity  and  clothing. 
Radiation  temperatures  have  relevance  to  indoors  and outdoors.  Nevertheless,  the 
specific characteristics of solar radiation, such as its quality and directional properties, 
demand special consideration. “Any effects of radiation intensity may be due to both 
the level of radiation and its wavelength or spectral content. It will also depend upon 
the  direction  of  the  radiation  received  by  the  body  and  the  body  posture  and 
orientation.” 
Determination of the permeated quantity of solar radiation is a quite intricate affair, 
because  a  number  of  elements  are  included  such  as  the  position  of  people,  the 
reflectance of the clothing for the radiation, the elevation of the sun, the permeation 
by moisture, dust and clouds, the dispersed radiation from all ways and the diffuse 
reflection from the ground(Burton and Edholm, 1969). The aim is to develop methods 
for predicting human responses to thermal environments where there is solar load, 
from relevant and measurable parameters.
3.3 Principle
A  person  working  outside  in  the  sun  will  respond  to  the  total  environment  and 
produce the sweat required to maintain thermal equilibrium. It follows therefore that 
if  a person works in the sun, and works out of the sun but in otherwise identical 
conditions, the difference in sweat rate will allow a quantification of the contribution 
of the solar radiation.
3.4 Method
A fit male subject conducted a step test for one hour at 20 steps per minute with a step 
height of 0.2m, first in a car park outdoors in the sun and later at the same time of day, 
in a thermal chamber(Table 3. 1).
Table 3. 1 Physical characteristic for a participant
Sex Age Height(m) Weight(Kg) BSA*(m2)
male 30 1.76 91 2.07
BSA*: body surface area given by Du Bois formula
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3.4.1 Environmental measurements
Environmental  conditions  were  recorded  around  the  subject.  Air  temperature  was 
measured using shielded thermistors placed at heights equally spaced from 0.2m to 
1.7m. Globe temperature was recorded at 1m and 1.6m both in the shade and in the 
sun  (outdoors).  Radiation  levels  were  measured  using  a  Kipp  and  zonen  CM11 
pyranometer. Air velocity was measured using an air velocity transducer. Humidity 
was measured  using a  whirling hygrometer.  Clothing worn was a  white  polyester 
shirt, beige polyester trousers, underwear, socks and trainers.
3.4.2 Physiological measurements
The subject was weighed before and after the ‘exposure’ using Mettler 1D1 Multi-
range Digital Dynamic Scales. Oral temperature was measured before and after the 
exposure using a  mercury in glass clinical  thermometer.  Heart  rate  was measured 
using a Polar Sports Tester.
3.4.3 Subjective measurements
A  subjective  questionnaire  was  completed  by  the  subject  every  ten  minutes 
throughout the 60 minutes exposure(Figure 2.9 in Chapter 2). The ISO extended 11-
point thermal sensation scale was used(ISO 10551). Subjects gave ratings of thermal 
sensation, comfort,  stickiness, preference, pleasantness, acceptance, satisfaction and 
Borg’s Rate of Perceived Exertion(RPE).
3.4.4 Procedures
3.4.4.1 Outdoor experiment
When the participant arrived at the place where experiments were to be held, he was 
told about details of the experiments, and then he completed generic health screening 
forms. A heart rate monitor was put on the chest, and then his semi-nude and fully 
clothed  body  was  weighed  before  conducting  a  step  test.  Oral  temperature  was 
measured using a clinical thermometer. The participant exercised for 60 minutes in an 
open space facing the sun, performing a step test in time to a metronome set at a rate 
of 80bpm on a vertical rise of 200mm. The subject was advised to alter the choice of 
lead  foot  periodically  to  avoid  unequal  leg  strain.  Every  minute  the  subject’s 
physiological  measurements  and  the  environmental  parameters  were  recorded.  A 
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subjective  questionnaire  was  completed  every  ten  minutes.  At  the  end  of  the 
experiment,  subjects’  semi-nude  and  clothed  weights  were  measured  and  oral 
temperature was measured(Figure 3. 1).
Figure 3. 1 Human subject outdoors.
3.4.4.2 Indoor experiment
When the indoor environment was simulated to the same as the outdoor condition, 
except solar radiation, air temperature measured in the open area was selected(Figure
3. 2). The difference between sweat loss in shade and solar conditions is attributable 
to the thermal stress of the solar load.
When the participant arrived at the place where experiments were to be held, he was 
told about  details  of the experiment,  and then completed  generic  health  screening 
forms. A heart rate monitor was put on the chest, and then his semi-nude and fully 
clothed  body  was  weighed  before  conducting  a  step  test.  Oral  temperature  was 
measured. The participant exercised for 60 minutes, performing a step test in time to a 
metronome set  at  a  rate  of  80bpm on a  vertical  rise  of 200mm. The subject  was 
advised to alter the choice of lead foot periodically to avoid unequal leg strain. Every 
minute the subject’s physiological measurements and the environmental parameters 
were recorded. And a subjective questionnaire was completed every ten minutes. At 
the  end  of  the  experiment,  the  subject’s  semi-nude  and  clothed  weights  were 
measured and oral temperature was measured.
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Figure 3. 2 Human subject indoors.
3.5 Results
3.5.1 Environmental measurements
The  average  environmental  conditions  outdoors  and  in  the  thermal  chamber  are 
presented in Table 3. 2. It can be seen that conditions indoors were a good simulation, 
an average, of the outdoor conditions but indoors the globe temperature and hence 
mean radiant temperature were close to air temperature as there was no contribution 
from  the  sun.  Humidity  and  solar  radiation  in  the  outdoor  condition  and  indoor 
humidity were relatively constant as 54%, 489 Wm-2, and 50% respectively. 
Table 3.  2 Environmental  conditions outdoors and in the thermal  chamber (average over 60 
minutes)
Outdoors Indoors
Air temperature, ta(ºC) 23 24
Mean radiant temperature, tr(ºC) 42.4 24
Air velocity, v(ms-1) 0.75 0.75
Relative humidity, ø(%) 54 50
Solar radiation(Wm-2) 489 -
The fluctuation in conditions over the one hour of exposure is shown in Figure 3. 3. 
Of particular interest is the simulation of air movement. Indoors this was achieved 
using fans. In practice it is difficult to simulate the three-dimensional and dynamic 
nature of air movement around a subject so it is assumed that simulation on average 
provides  a  good approximation  to  heat  transfer  conditions.  Outdoor  mean  radiant 
temperature was higher than indoor mean radiant  temperature and wet bulb globe 
temperature(WBGT) outdoors was higher than indoor WBGT.
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Figure  3.  3 Environmental  conditions  outdoors  and  in  the  thermal  chamber(60  minutes 
exposure).
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3.5.2 Physiological measurements
Sweat production, oral temperature and heart rate were measured. Volume of oxygen 
uptake  was estimated  from step height  and step speed using  an adaptation  of  the 
equation presented in the American College of Sports Medicine guidelines(ACSM, 
2006). The metabolic rate can be found out through oxygen consumption rate and the 
energetic  equivalent(EE)  of  oxygen  can  convert  oxygen  consumption  rate  into 
metabolic rate. The energetic equivalent is decided by the type of metabolism which 
can be expressed by the respiratory quotient(RQ). Therefore, a mean RQ of 0.85 and 
EE of 5.68W·h/LO2 can be used for figuring out the metabolic rate. In this case, the 
carbon dioxide production rate is not needed(ISO 8996, 2004).
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where
Vo2   is the oxygen consumption rate, in litres of oxygen per hour;
EE     is the energetic equivalent, in watt hours per litre of oxygen(W·h/LO2)
M      is the metabolic rate, in watts per square metre
ADu  is the body surface are, in square metres, given by the Du Bois formula
725.0425.0202.0 bbDu HWA ××=                                                                                (3.3)
         in which 
                  Wb  is the body weight, in kilograms
                  Hb   is the body height, in metres.
When equation(3.2) is added to equation(3.1), the equation will be below,              
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For the determination of metabolic rate in this study,
Wb   = 91kg
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Metabolic rate was determined as 256Wm-2. 
Oral temperature was similar between the values before and after experiments and 
between indoors and outdoors. Oral temperatures before the experiment and after the 
experiment  were  36.5°C and  36.8°C respectively  for  outdoors.  Oral  temperatures 
before the experiment and after the experiment were 36.5°C and 36.6°C respectively 
for indoor experiments. The weights of the subject before and after the exposure and 
calculated  sweat  production  are  presented  in  Figure  3.  4.  Clothes  and  semi-nude 
weights were recorded separately before and after exposure.
Metabolic heat production as well as sweat loss can be an index of thermal strain from 
a human. Sweat loss was determined in this experiment by calculation through body 
weight. Therefore, weight semi nude before the experiment minus weight semi nude 
after the experiment shows evaporative sweat loss. The amount of sweat consumption 
during 60min are shown in Figure 3. 4. Sweat loss can be calculated by the following 
equations(Parsons, 2003).
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Figure 3. 4 Weight of total mass sweat loss, sweat trapped in clothing and sweat evaporated.
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In terms of outdoor condition,
Dry weight nude  ----------  91.037 kg
Dry weight clothed  -------  91.780 kg
Wet weight nude ----------  90.406 kg
Wet weight clothed -------  91.207 kg
----------------------------------------------------------------------------
Total sweat loss                   91.037 – 90.406 = 0.631 kg
Dry weight of clothing         91.780 – 91.037 = 0.743 kg
Wet weight of clothing         91.207 – 90.406 = 0.801 kg
Sweat trapped in clothing    (91.207 – 90.406) – (91.780 – 91.037) = 0.058 kg
Sweat evaporated                 
(91.037 – 90.406) – [(91.207 – 90.406) – (91.780 – 91.037)] = 0.573 kg
In terms of indoor condition,
Dry weight nude  ----------  91.535 kg
Dry weight clothed  -------  92.275 kg
Wet weight nude ----------  90.961 kg
Wet weight clothed -------  91.743 kg
----------------------------------------------------------------------------
Total sweat loss                   91.535 – 90.961 = 0.574 kg
Dry weight of clothing         92.275 – 91.535 = 0.740 kg
Wet weight of clothing         91.743 – 90.961 = 0.782 kg
Sweat trapped in clothing    (91.743 – 90.961) – (92.275 – 91.535) = 0.042 kg
Sweat evaporated                 
(91.535 – 90.961) – [(91.743 – 90.961) – (92.275 – 91.535)] = 0.532 kg
Total mass sweat loss outdoors was higher than that indoors by 57g. Sweat evaporated 
outdoors  was  higher  than  that  indoors  by  41g.  Sweat  trapped  in  clothing  in  the 
outdoor condition was also higher than that indoors by 16g. Total mass sweat losses 
in outdoor and indoor conditions and sweat evaporated outdoors and indoors were 
631g, 574g, 573g, and 532g respectively. The difference in the total mass sweat loss 
can be considered to reflect the additional contribution of solar load. For the condition 
investigated that is 41g which is equivalent to 14Wm-2.
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The results of heart rate in outdoor and indoor conditions are shown in Figure 3. 5. 
Average heart  rates outdoors and indoors were 112bpm and 117bpm respectively. 
Outdoor heart rate was slightly lower than indoor heart rate.
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Figure 3. 5 Heart rate outdoors and in the thermal chamber(60minutes exposure).
3.5.3 Subjective measurements
The result of subjective measurements in the outdoor condition was different from 
those  in  the  indoor  condition(Figure  3.  6).  Mean  values  of  each  subjective 
measurement outdoors was similar to the ones indoors. However, the response during 
60mins  was  inconsistent.  In  the  case  of  thermal  sensation,  the  initial  sensation 
outdoors was lower(cooler) than the one indoors but the final sensation outdoors was 
higher than the one indoors. With regard to comfort,  outdoor comfort  was always 
worse than indoor comfort during 60mins, that is, the subject felt more uncomfortable 
in the outdoor condition. In respect of stickiness, the subject felt more sticky in the 
indoor  condition  between  20mins  and  40mins  but  more  sticky  in  the  outdoor 
condition at the final reading or recording. With regard to preference, people would 
like to be cooler in the outdoor condition at the end of experiment. In the case of 
pleasantness, the subject felt more pleasant at the beginning of the experiment than he 
felt at the end of the experiment. With regard to Borg’s RPE, there was less exertion 
in the outdoor condition at the beginning of experiment but more exertion outdoors at 
the end.
66
- 5
- 4
- 3
- 2
- 1
0
1
2
3
4
5
0 10 20 30 40 50 60
Min
Sensation- outdoors Sensa tion- ind oors
Extremely hot
Cold
Cool
Slightly cool
Neutral
Slightly warm
Warm
Hot
Very hot
Very cold
Extremely cold 1
2
3
4
0 10 20 30 40 50 60
Min
Com fort- outdoo rs Com fort- indoors
Very uncomfortable
Not uncomfortable
Slightly uncomfortable
Uncomfortable
1
2
3
4
0 10 20 30 40 50 60
Min
Stickiness- outd oors Stic kiness- indoors
Not sticky
Slightly sticky
Sticky
Very sticky
- 3
- 2
- 1
0
1
2
3
0 10 20 30 40 50 60
Min
Preference- outdoors Preference- indoors
Much warmer
Much cooler
Cooler
Slightly cooler
No change
Slightly  warmer
Warmer
- 3
- 2
- 1
0
1
2
3
0 10 20 30 40 50 60
Min
Plea sant- o utd oors Pleasant- ind oors
Very unpleasant
Unpleasant
Slightly unpleasant
Neither pleasant nor 
unpleasant
Slightly pleasant
Pleasant
Very pleasant 6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
0 10 20 30 40 50 60
Min
Borg' s RPE- outdoors Borg's RPE- indoors
No exertion at all
Maximal exertion
Extremely hard
Very hard
Hard(heavy)
Somewhat hard
Light
Very light
Extremely light
Figure 3. 6 Subjective responses outdoors and in the thermal chamber(60 minutes exposure).
3.6 Discussion
It  was not easy to provide a simulation indoors that  was the same as the outdoor 
condition even though the indoor condition was simulated carefully. Air temperature 
indoors was slightly higher than outdoors. Outdoor air velocity had a large fluctuation 
but indoors it did not. However, average wind speed over 60mins was the same. The 
WBGT outdoors was higher than the one indoors, as expected, due to the additional 
influence  of solar  radiation  outdoors.  The difference of sweat  evaporated between 
outdoors  and  indoors  was  14Wm-2(i.e.  41g  when  1L  of  sweat  evaporative  is 
equivalent to 341.5Wm-2). This value was smaller than the one reported by Nielsen et 
al.(1988). It may be influenced by indoor air temperature. Indoor air temperature was 
1°C higher than outdoors.  Therefore,  indoor sweat  production was increased even 
though there was lower radiant temperature. If indoor air temperature was the same as 
outdoor air temperature, the sweat production indoors would be less than the current 
result. Additionally, air velocity outdoors had higher fluctuation than the one indoors 
even though the average air velocity was not different. It may also affect sweat loss.
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Indoor heart rate was higher than outdoors. There are studies which revealed different 
results with current experiment. Nielsen et al.(1988) found that the shading had an 
influence on heart rate so that it decreased by 8 beats per minutes. However, heart rate 
is related to the level of activity or the status of mind. The open area outdoors may 
make heart rate slightly lower than in the thermal chamber. This study consisted of 
one participant, and the result could hardly be generalised.
Although the specific subjective and physiological responses were related to only one 
participant, the premise that sweat produced will be sweat required will hold for an 
individual. That is, for identical conditions, sweat rate will indicate additional solar 
load. There can be reasonable expectation therefore that valid results can be obtained 
from one participant.
3.7 Conclusion
Outdoor air temperature was 23 ºC and indoor air temperature was 24 ºC. It can be 
concluded that  the subject  evaporated 0.041kg (litres)  of additional  sweat  over 60 
minutes due to the contribution of the sun. This can be interpreted as adding a thermal 
load of 14Wm-2 to the body.
1. Outdoor mean radiant temperature in the sun was much higher than outdoor mean 
radiant temperature in the shaded and indoor mean radiant temperature.
2. Indoor WBGT was lower than outdoor WBGT. 
3.  Heart  rate  in  the  indoor  condition  was  higher  than  heart  rate  in  the  outdoor 
condition but it was not largely different.
4.  Outdoor  total  mass  sweat  loss  was  higher  than  indoors  and  outdoor  sweat 
evaporated was higher than indoors. In addition, sweat trapped in clothing in outdoor 
condition  was  greater  than  indoors.  Therefore,  outdoor  sweat  rate,  187Wm-2 was 
14Wm-2 greater than indoor sweat rate 173Wm-2.
5. In the case of thermal sensation, the subject felt slightly warmer outdoors than in 
indoor condition due to the addition of solar radiation.
6.  Due  to  slightly  different  conditions  between  indoors  and  outdoors(e.g.  slightly 
higher  air  temperature  and  more  constant  air  velocity),  14Wm-2 is  likely  to  be  a 
conservative estimate of the contribution of solar radiation.
7. Further studies are required to validate this result. 
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Chapter 4: Use of a thermal manikin to quantify solar 
radiation
4.1 Chapter Summary
This chapter considers the measurement of the contribution of solar radiation to the 
human  body  using  a  thermal  manikin.  A  manikin  was  exposed  to  outdoor 
environmental  conditions  in  the sun and later,  in  the climate  chamber  which  was 
simulated to be the same as prior outdoor environmental condition(but without the 
sun). The difference between outdoor and indoor results are presented and provide an 
indication of the contribution of solar load.
4.2 Introduction
The human body can be simulated by a thermal manikin which is made from metal or 
plastic.  Thermal  manikins  have  been  widely  been  used  in  research  since  1945. 
Thermal manikins distribute an effective supplement to experiments which involve 
human subjects and a thermal manikin can be used for predicting the influence of the 
thermal  environment  on human responses instead of using a human participant.  A 
thermal manikin is generally produced by plastic, copper or aluminium. Its surface is 
built  as  a  multi-layered  structure  which  consists  of  several,  thin  plastic  or  metal 
heating layers, and the temperature sensors are located in the outermost layer.  The 
thermal manikin consists of several segments which act as separate heat and control 
systems.  The  heating  layer  is  built  up  with  resistance  wires,  and  a  realistic 
measurement  of  the  surface  temperature  can  be  performed(Holmér  and  Nilsson, 
1995).
For the measurements of the heat exchange, a thermal manikin can provide reliable 
values not only for the whole body but also for local heat exchange. Measurement of a 
thermal  manikin  provides  a  realistic  and  objective  method  for  assessing  clothing 
insulation, input values for thermal prediction models, a simulation of human body 
heat exchange,  and an integration of dry heat losses. Measurement  with a thermal 
manikin provides a convenient practical test but the results derived from experiments 
with human participants cannot be replaced with experiments with a thermal manikin. 
However, a thermal manikin can provide a reliable and accurate measurement of heat 
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losses  and  measurements  can  be  conducted  quickly  and  repeatedly.  Therefore,  a 
thermal manikin can be applied for two main fields: Determination of heat transfer 
characteristics of clothing and assessment of the influence of the thermal environment 
on human responses(Holmér and Nilsson, 1995; Holmér, 2004; Nilsson, 2004).
There are several studies conducted with thermal manikins concerned with measuring 
the thermal resistance of clothing(Blazejczyk and Holmér, 2000; Bröde et al., 2005 
and 2006; Havenith et al., 2005; Tanabe et al., 1994; Van Es et al., 2006). Some of the 
studies  considered  the  effect  of  radiation  but  there  have  been  few studies  which 
consider natural solar radiation(Kuklane et al., 2006; Kwon and Parsons, 2007). It is 
known that solar radiation has an influence on human response and manikins through 
previous studies. It was also found that colour and fit of the clothing affect the human 
body and a manikin. 
The study presented in this chapter complements the study presented in chapter 3 and 
uses a thermal manikin to determine the contribution of solar radiation to the thermal 
response of a person.
4.3 Principle
This method used a thermal manikin to measure how much heat(power) is required to 
maintain  a  constant  skin  temperature  in  the  thermal  manikin.  For  identical 
conditions(apart  from  solar  load),  the  reduction  in  power  required  to  maintain 
constant skin temperature when in the sun is directly related to the contribution of 
solar load.
4.4 Method
The thermal manikin VICTORIA was made with plastic foam and coated with several 
layers of plastic and supported by an internal metal ‘skeleton’, equipped with neck, 
shoulder, wrist, hip and knee joints which allow the manikin to be placed in different 
positions. It doesn’t allow for controlled sweating and walking movement.
VICTORIA has 20 independently heated segments: left foot; right foot; left low leg; 
right  low leg;  left  front  thigh;  left  back  thigh;  right  front  thigh;  right  back  thigh; 
pelvis; backside; head; crown; left hand; right hand; left forearm; right forearm; left 
upper arm; right upper arm; chest; and back(See Figure 2.10). Each limb is divided 
into seven segments, the trunk is composed of four segments and the head two. Each 
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segment  is  individually  powered,  the  voltage  depending  on  the  environmental 
conditions. The hot wires are used for surface temperature measurement.
The heat loss from the skin surface of a manikin is gained as the energy consumption 
of the heating segments. The weighted mean values are calculated on the basis of the 
temperatures and power values of 20 segments. A value for whole body heat loss can 
be determined, by summing up the area-weighted values. Each segment of the thermal 
manikin VICTORIA was set at 34 ºC during experiments.
The manikin was logged on 40mins before starting the experiment to allowing the 
manikin to reach steady state(it was found in a pilot study that after 40 minutes heat of 
the  manikin  settled.).  Readings  were recorded every 5 seconds.  The manikin  was 
located outside in the open space facing the sun with 0.55clo which is long sleeved 
shirt, trousers, underwear, socks and trainers(Figure 3.1 and Figure 3.2). When the 
indoor environment was simulated as the same as the outdoor condition (except for 
solar  radiation),  the  air  temperature  measured  in  the open area was selected.  The 
difference  between  heat  consumption  in  the  thermal  chamber  and  in  the  outdoor 
condition with the sun was considered as the solar load.
4.5 Results
    4.5.1 Environmental measurements
The  average  environmental  conditions  outdoors  and  in  the  thermal  chamber  are 
presented in Table 4. 1. More detail of the environmental conditions over 60minutes 
can be seen in chapter 3.
Table  4.  1 Environmental  conditions  outdoors  and  in  the  climate  chamber(average  over 
60minutes)
Outdoors Indoors
Air temperature, ta(ºC) 23 24
Mean radiant temperature, tr(ºC) 33.5 24
Air velocity, v(ms-1) 0.75 0.75
Relative humidity, ø(%) 54 50
Solar radiation(Wm-2) 489 -
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     4.5.2 Skin temperature of the thermal manikin
The skin temperature of VICTORIA was set up at 34 ºC, and data of each segment 
was  collected  in  outdoor  and  indoor  conditions(Table  4.  2).  Value  ‘All’  was  the 
weighted mean and included all body parts that were composed of 20 segments. 
Table 4. 2 Twenty segments and overall of manikin’s skin temperature (60 minutes exposures)
Outdoor average value(°C) Indoor average value(°C)
L. Foot 34 34
R. Foot 34 34
L. ow Leg 34 34
R. ow Leg 34 34
L. Front Thigh 34.2 34
L. Back Thigh 34 34
R. Front Thigh 34.3 34
R. Back Thigh 34 34
Pelvis 34 34
Backside 34 34
Head 34 34
Crown 34.2 34
L. Hand 34 34
R. Hand 34 34
L. forearm 34 34
R. Forearm 34 34
L. upper Arm 34 34
R. upper Arm 34 34
Chest 34 34
Back 34 34
 All 34 34
     4.5.3 Heat consumption of the thermal manikin
The heat required to maintain 34°C is presented in  Table 4. 3. The heat required to 
maintain the manikin’s skin temperature at 34°C was 72.3Wm-2 on average indoors 
and 37.4Wm-2 on average outdoors. 
4.6 Discussion
The skin temperature of the manikin was set up at 34°C and it was maintained well in 
the indoor condition. However, some segments were slightly higher than 34°C in the 
outdoor condition. Both sides of front thighs and crown were 0.2 or 0.3°C higher, and 
the heat consumptions of these segment were much lower than other parts. It could be 
interpreted that the front thighs and crown may be the effective areas which get the 
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solar radiation when the manikin is facing the sun. The left hand and left upper arm 
outdoors consumed slightly higher power than the ones indoors. Wind direction was 
not recorded but the wind may have an influence on the heat consumption of the left 
hand and the left  upper arm.  However,  overall  it  was obvious that in the outdoor 
thermal  environment  the  sun had made  a  contribution  to  the  thermal  load  on  the 
manikin.
Table 4. 3 Twenty segments and overall of manikin (60 minutes exposures)
Outdoor average value(Wm-2) Indoor average value(Wm-2)
L. Foot 22.7 39.7
R. Foot 13.5 37.1
L. low Leg 28.6 68.2
R. low Leg 27.7 66.4
L. Front Thigh 8.9 65.3
L. Back Thigh 49.6 55.4
R. Front Thigh 5.1 65.7
R. Back Thigh 13.5 68.1
Pelvis 24.5 61.1
Backside 34.9 66.9
Head 122.6 143.3
Crown 2.3 32
L. Hand 140.4 133.5
R. Hand 89.6 139.2
L. Forearm 42.4 62
R. Forearm 17.3 74
L. upper Arm 76.3 72.3
R. upper Arm 16.5 91
Chest 21.1 72.4
Back 46 59.3
 All 37.4 72.3
4.7 Conclusion
It can be concluded that for the condition investigated the contribution of the sun to 
the thermal load on the manikin is 72.3-37.4= 34.9Wm-2.
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Chapter 5: Use of theoretical analysis to quantify 
solar radiation
5.1 Chapter Summary
This  chapter  uses  a  theoretical  approach  to  quantify  the  contribution  of  the  sun. 
Assuming that the only difference between the actual outdoor experiment(see chapter 
3) and an imaginary outdoor experiment(air temperature = mean radiant temperature) 
was the contribution of solar load, the calculation can be made using the heat balance 
equation for a person.
5.2 Introduction
Six  basic  parameters  such  as  air  temperature,  radiant  temperature,  humidity,  air 
movement, human activity and clothing worn by a human are required to define the 
human thermal environment. The human body maintains heat balance by preserving 
an  internal  body temperature  of  approximately  37°C.  Therefore,  the  human  body 
responds  dynamically  by  keeping  a  constant  body  temperature  in  a  changing 
environment. If heat inputs were greater than heat outputs, body temperature would 
go up and if  heat  outputs  were greater  than  heat  inputs,  body temperature  would 
decrease.  Heat  generation  involves  the  body,  heat  transfer  and  heat  storage.  The 
metabolic  rate  (M)  offers  energy  to  do  the  exercise  (W)  and  the  remainder  is 
discharged  as  heat.  Heat  transfer  is  achieved  by  conduction  (K),  convection  (C), 
radiation (R) and evaporation (E). The rate of heat storage(S) is shown by the rate of 
heat production and heat loss. If the body’s heat is in balance, the rate of heat storage 
would  be  zero.  If  there  were  heat  gain,  storage  would  be  positive  and  body 
temperature would go up. However, if there were heat loss, storage would be negative 
and body temperature would decrease.
The heat balance equation for the human body can be represented with the body, heat 
transfer and heat storage(M and W are always positive and E, R, C and K are heat 
losses. A negative heat loss is therefore a heat gain. S can be negative for heat loss 
and positive for heat gain)(Parsons, 2003).
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5.3 Principle
A calculation of the heat transfer between the person and the environment can be 
made  and  hence  the  additional  heat  loss  required  in  the  sun  to  maintain  thermal 
equilibrium can be determined.
5.4 Method
A body heat equation was determined for the environmental conditions measured in 
chapter 3 for outdoor conditions where actual radiant temperature were used in the 
calculation.  An  analysis  was  also  carried  out  for  the  hypothetical  conditions  that 
assume radiant temperatures were equal to air temperatures. Assumptions made and 
environmental conditions used are presented in Table 5. 1 and Table 5. 2. 
Calculations of the body heat equation are below(Parsons, 1992 and 2003),
The conceptual heat balance equation is
M – W = E + R + C + K + S                                                                           (5.1)
For heat balance (S=0)
M – W – E – R – C – K = 0                                                                           (5.2)
Equations for components of the equation are continually updated from the results of 
research. The theory of heat transfer has been important. In ‘ordinary’ conditions, heat 
exchange  by  conduction  is  generally  considered  be  nominal.  The  practical  heat 
balance equation is given by ASHRAE(1989).
M – W = Qsk + Qres = (C + R + Esk) + (Cres + Eres)                                       (5.3)
M    = rate of metabolic energy production
W    = rate of mechanical work
Qsk  = total rate of heat loss from the skin
Qres = total rate of heat loss through respiration
C    = rate of convective heat loss from the skin
R    = rate of radiative heat loss from the skin
Esk  = rate of total evaporative heat loss from the skin
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Cres = rate of convective heat loss from respiration
Eres = rate of evaporative heat loss from respiration
Therefore a practical approach is to consider heat production within the body (M-W), 
heat loss at the skin (C + R + Esk) and heat loss due to respiration (Cres + Eres).
5.5 Results
This  study  presented  in  chapter  3  considered  a  man  exercising  in  an  outdoor 
environment  with  solar  radiation  and  an  indoor  environment,  while  performing 
stepping in light clothing. The following values were measured and estimated as the 
thermal environment.
5.5.1 Results of outdoor experiment
Thermal conditions are shown in Table 5. 1.
Table 5. 1 Actual environmental conditions outdoors*
Thermal condition Values Units
Air temperature, ta 23 °C
Mean radiant temperature, tr 42.4 °C
Relative humidity, ø 54 %
Air velocity, v 0.75 m/s
Metabolic rate (stepping), M 256 Wm-2
External work, W 0 Wm-2
Clothing
Rcl 0.085 m2.°C.W-1
Re,cl 0.015 m2 kPa W-1
Skin temperature, tsk 35 °C
ε 0.95
Ar/AD 0.77
LR 16.5 K kPa-1
AD 2.07 m2
* see a list of symbols at the beginning of this thesis
The heat balance equation for the person can be calculated as follows;
Metabolic heat production = M – W = 256 - 0 = 256 Wm-2
i.e. assume mechanical works is negligible.
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Increase in surface area due to clothing (fcl)
17.1
155.0
31.0131.01 =+=+= clcl
Rclof                                                               (5.4)
Saturated vapour pressure at skin temperature (35 °C) :
Psk,s = 0.1exp(18.956 – 4030.18/(35 + 235)) = 5.623 kPa                                (5.5)
Saturated vapour pressure at air temperature (23 °C) :
Psa = 0.1exp(18.956 – 4030.18/(23 + 235)) = 2.808 kPa                                  (5.6)
Partial vapour pressure in air :
Pa = ø·Psa = 0.54 × 2.808 = 1.52 kPa                                                                 (5.7)
Assumptions: tsk = 35°C; ε = 0.95; Ar/AD = 0.77; LR = 16.5 K kPa-1; AD = 2.07m2.
Heat transfer coefficients
v > 0.2 ms-1 so 
hc = 8.3v0.6 = 6.98 Wm-2K-1                                                                              (5.8)
he = 16.5hc = 115.24 Wm-2kPa-1                                                                      (5.9)
Calculating hr and tcl using iteration
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Starting with tcl = 0.0, and repeatedly evaluating new values for hr, tcl, hr, tcl, … until 
the  difference  between  two  consecutive  values  of  tcl ≤  0.01,  for  this  example 
provides :
hr = 4.98 Wm-2K-1
tcl = 32.9 °C
Operative temperature:
( )
( )cr
acrr
o hh
ththt
+
+
=                                                                                                (5.12)
      Co08.31
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2398.64.4298.4
=
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×+×
=
Combined heat transfer coefficient:
h = hc + hr                                                                                                            (5.13)
= 6.98 + 4.98 = 11.96 Wm-2K-1
Components of the heat balance equation
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For w =1, Esk = Emax, so Emax = 183.21 Wm-2
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Cres + Eres = {0.0014M(34-ta) + 0.0173M(5.87-Pa)}/AD                              (5.16)
={0.0014×256(34-23) + 0.0173×256(5.87-1.52)}/AD
= 11.22 Wm-2
The heat balance equation then becomes:
M - W = C + R + Esk + Cres + Eres
256 – 0 = 25.04+(w×183.21)+11.22
so to provide heat balance, wreq = 1.2
Thus a skin wettedness of 1.2 will provide sufficient heat loss at the skin through 
evaporation. That is, the body will sweat to thermoregulate and attempt to achieve 
heat  balance.  For  maximum  evaporation  (Emax)  wettedness  is  1.0.  For  the  above 
example  this  gives  a  value  of  Emax =  183.21  Wm-2.  The  required  wettedness  for 
balance is therefore greater than can be achieved and there will be heat storage.
maxE
E
w reqreq =                                                                                                     (5.17)
Therefore,
Ereq = wreq×Emax = 1.2×183.21 = 219.74Wm-2 (i.e. Esk for heat balance)
As maximum evaporation is 183.21Wm-2 then heat storage(S) will be 219.74 – 183.21 
= 36.5 Wm-2.
It can be concluded from the calculations above that to achieve heat balance for the 
subject working in the sun, a heat loss by evaporation(Ereq) of 219.7 Wm-2 is required.
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5.5.2 Results of outdoor estimation
Thermal condition is shown in Table 5. 2.
Table 5. 2 Artificial environmental conditions outdoors(without the sun)
Thermal condition Values Units
Air temperature, ta 23 °C
Mean radiant temperature, tr 23 °C
Relative humidity, ø 54 %
Air velocity, v 0.75 m/s
Metabolic rate (stepping), M 256 Wm-2
External work, W 0 Wm-2
Clothing
Rcl 0.085 m2.°C.W-1
Re,cl 0.015 m2 kPa W-1
Skin temperature, tsk 35 °C
ε 0.95
Ar/AD 0.77
LR 16.5 K kPa-1
AD 2.07 m2
For the hypothetical situation the heat balance model is as follows:
Metabolic heat production = M – W = 256 - 0 = 256 Wm-2
17.1
155.0
31.0131.01 =+=+= clcl
Rclof
Saturated vapour pressure at skin temperature (35 °C) :
Psk,s = 0.1exp(18.956 – 4030.18/(35 + 235)) = 5.623 kPa
Saturated vapour pressure at air temperature (23 °C) :
Psa = 0.1exp(18.956 – 4030.18/(23 + 235)) = 2.808 kPa
Partial vapour pressure in air :
Pa = ø.Psa = 0.54 × 2.808 = 1.52 kPa
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Assumptions: tsk = 35°C; ε = 0.95; Ar/AD = 0.77; LR = 16.5 K kPa-1; AD = 2.07m2.
Heat transfer coefficients
v > 0.2 ms-1 so 
hc = 8.3v0.6 = 6.98 Wm-2K-1
he = 16.5hc = 115.24 Wm-2kPa-1
Calculating hr and tcl using iteration
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Starting with tcl = 0.0, and repeatedly evaluating new values for hr, tcl, hr, tcl, … until 
the  difference  between  two  consecutive  values  of  tcl ≤  0.01,  for  this  example 
provides :
hr = 4.43 Wm-2K-1
tcl = 28.6 °C
Operative temperature:
( )
( )cr
acrr
o hh
ththt
+
+
=                                                                                          (5.18)
      Co23
98.643.4
2398.62343.4
=
+
×+×
=
Combined heat transfer coefficient:
h = hc + hr
= 6.98 + 4.43 = 11.42 Wm-2K-1
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Components of the heat balance equation
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For w =1, Esk = Emax, so Emax = 183.21 Wm-2
Cres + Eres = {0.0014M(34-ta) + 0.0173M(5.87-Pa)}/AD
={0.0014×256(34-23) + 0.0173×256(5.87-1.52)}/AD
= 11.22 Wm-2
The heat balance equation then becomes:
M - W = C + R + Esk + Cres + Eres
256 – 0 = 74.97+(w×183.21)+11.22
so to provide heat balance, wreq = 0.93
Thus a skin wettedness of 0.93 will provide sufficient heat loss at the skin through 
evaporation. That is, the body will sweat to thermoregulate and attempt to achieve 
heat  balance.  For  maximum  evaporation  (Emax)  wettedness  is  1.0.  For  the  above 
example  this  gives  a  value  of  Emax =  183.21  Wm-2.  The  required  wettedness  for 
balance is therefore greater than can be achieved and there will be heat storage.
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maxE
E
w reqreq =
Therefore,
Ereq = wreq×Emax = 0.93×183.21 = 169.81Wm-2 (i.e. Esk for heat balance)
As maximum evaporation is 169.81Wm-2 then heat storage(S) will be 169.81 – 183.21 
= -13.4 Wm-2.
It can be concluded from the calculations above that to achieve heat balance for the 
subject working without the sun, a heat loss by evaporation(Ereq) of 169.8 Wm-2 is 
required.
5.5.3  Comparing  the  results  of  actual  outdoor  and 
hypothetical outdoor environments
Assuming that the only difference between the two experiments was the contribution 
of solar load, the following calculation can be made.
Evaporation required for actual outdoor environment with the sun = 219.7 Wm-2
Evaporation required for artificial outdoor environment without the sun = 169.8 Wm-2
Contribution of solar load = 49.9 Wm-2
Actual outdoor and artificial outdoor heat storage(S) were 36.5Wm-2  and -13.4Wm-2 
respectively. 
5.6 Discussion
The  contribution  of  solar  load  to  thermal  strain  when  working  in  the  heat  was 
estimated. Naturally this is for the specific conditions investigated and further studies 
would be required to account for other factors such as time of day and season as well 
as weather conditions and type of clothing. Other studies have found similar results 
(McNeill,1998) and if one is prepared to accept a ‘rule of thumb’ to this practical 
problem then working in the sun may add extra 50Wm-2 to the thermal load on the 
body requiring in the heat for example and additional 0.134litres of sweat per hour to 
be produced when wearing normal clothing.
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5.7 Conclusion
Calculations of the body heat equation are shown in Table 5. 3.
Table 5. 3 Calculations of the body heat equation 
Outdoors(ta = 23ºC, tr = 42.4ºC) Outdoors(ta = tr = 23ºC)
resresreq ECRCWME −−−−−=
       = 256 – 0 – 81 – 56 – 2 – 9
       = 220
resresreq ECRCWME −−−−−=
       = 256 – 0 – 46 – 29 – 2 – 9
       = 170
It can be concluded that the additional thermal load caused by the sun is 50 Wm-2. 
The contribution of solar radiation: overall conclusion from all three methods
Experiment 1: uses of a human subject
Using a human subject, it was found that the additional thermal load was 14Wm-2 to 
the human body.
Experiment 2: use of a thermal manikin
Using a thermal manikin, it was found that the contribution of the sun to the thermal 
load on the manikin was 35Wm-2
Experiment 3: use of theoretical calculations
Using a theoretical method, it was found that the additional thermal load caused by 
the sun was 50 Wm-2
Overall conclusion:
It can be considered that all three methods provided reliable results for quantifying 
natural solar radiation in outdoor conditions. Therefore, one of methods can be used 
depending on the purpose of a study.
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Part Three: Evaluation of methods for assessing 
human responses                                  
Chapter 6: Thermal indices for use in outdoor 
conditions
6.1 Chapter Summary
This chapter considers the difference between outdoors and indoors in the aspects of 
thermal environment and the human responses. It also considers the scope, validity, 
reliability and usability of thermal indices for use in outdoor condition and heat stress. 
6.2 Introduction
Many people spend most of their time indoors. However, they can spend a significant 
amount of time outdoors for leisure activities, sport, dining, outdoor work etc. Many 
studies on human responses have been conducted into indoor conditions. Relatively 
few have been conducted into outdoor conditions.  Indoor experiments  which have 
been conducted under simulated environments are very different from outdoor field 
experiments. In addition, most thermal indices have been developed for use in indoor 
experiments.  Thermal  indices  which  have  been  developed  through  indoor(climate 
chamber)  experiments  may  overrate  discomfort(Humphrey  and  Nicol,  2002).  The 
difference can be shown particularly in cold environments. In real outdoor life, people 
are often not in steady state condition. Therefore, models produced under steady state 
conditions cannot explain human responses to outdoor conditions(Höppe, 2002).
Thermal  indices  to  evaluate  the  thermal  environment  can  be  produced  by  four 
approaches.  Subjective  responses  of  humans  exposed  to  a  range  of  thermal 
environments can be observed; a single number can be produced through combining 
the physical environmental parameters; a particular physiological parameter such as 
heart  rate  or  rectal  temperature  can  be  produced  from  combinations  of  physical 
parameters  and  this  relationship  with  physiological  effects  determined.  Lastly,  a 
thermal index can be produced by using the human heat balance equation.(Kampmann 
and Piekarski, 2000)
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The following will discuss the difference between indoor and outdoor conditions on 
three  aspects:  environmental,  physiological  and  psychological.  A  discussion  is 
therefore presented with particular consideration of the indices which were considered 
in chapter 2 of this thesis.
6.3  Difference  between  Indoors  and  Outdoors  on 
Environmental Aspects
There  are  several  different  environmental  aspects  between  indoors  and  outdoors. 
Generally, indoor environments are thermally uniform but outdoor environments are 
not  and  are  often  in  non  steady-state.  Indoor  environments  can  be  controlled  by 
occupants  through  HVAC(Heating,  Ventilation  and  Air  Conditioning)  systems  or 
using  windows.  Also  clothing  insulation  does  not  vary.  Furthermore,  people’s 
activities are similar within themselves and the wall temperature would be similar to 
air  temperature  except  when  using  HVAC(MacPherson,  1962).  The  outstanding 
aspect outdoors is the existence of solar radiation. The standard enthalpy change also 
occurs during a day, and the air temperature goes up toward daytime and decreases 
toward night time in general. Wind speed fluctuates even within a minute. Depending 
on the location, outdoor temperature will differ. 
In summer, sometimes modern cities have the effect of ‘heat islands’. Thorsson et al.
(2007) investigated that the square in a satellite city in Tokyo was 1.1°C warmer than 
the park. Even environmental conditions of sun and shade provide the big difference 
to human response. Actually, the combination of the sun, air temperature, wind, and 
humidity  gives  the  different  influence.  The  parameters  often  fluctuated  within  an 
hour. Nikolopoulou and Lykoudis(2006 and 2007) observed the relationship between 
the  use  of  space  and  environmental  parameters,  and  solar  radiation  and  air 
temperature had a large influence on it relative to air velocity and relative humidity. 
However, Metje et al.(2008) showed that human thermal comfort was influenced by 
the  air  temperature  and  the  wind  speed  rather  than  solar  radiation  and  relative 
humidity.  Then they suggested that the forehead and hand skin temperature can be 
representative  to  explain  comfort.  Humphreys(1977)  considered  that  clothing  had 
large  influence  on  outdoor  comfort  because  people  could  change  their  clothing 
depending on weather or activity. So it is difficult to provide standards for outdoor 
thermal conditions. 
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However,  extreme  weather  conditions  or  unfamiliar  weather  conditions  can  cause 
thermal stress on the human body. It is generally accepted that over the last 50 years, 
in  Europe,  there  has  been  an  increase  in  minimum  and  maximum  temperatures, 
changes in precipitation patterns and an increase in the number of extreme events such 
as heat  waves,  heavy rain and droughts.  Heat  waves alone account  for significant 
increases in mortality, for example, there were well over 20,000 excess deaths across 
Europe  in  the  2003 heat  wave (Bhattacharya,  2003).  This  has  also been  reflected 
across the planet and there is a general requirement to set up mechanisms; to warn 
people of the probability of atypical weather; to predict the likely consequences; and 
provide methods for reducing damage to health. 
Therefore, a valid and reliable index is required which represents weather conditions 
to which people are exposed and predict the physiological strain and hence possible 
health effects on people. 
6.4  Difference  between  Indoors  and  Outdoors  on 
Physiological Aspects
People generally stay longer indoors and shorter outdoors. Outdoor climates are very 
changeable and there may be differences in physiological responses between indoors 
and outdoors. Furthermore, people show different behaviours especially outdoors, and 
their  physiological  responses  may  vary.  Goromosov(1968)  pointed  out  that 
illumination may have an influence on the physiological effect, and skin temperature 
and heat production can increase in the sun. The subjective sensation of heat may be 
influenced by the physiological change outdoors. Furthermore, ISO 7933 indicates the 
acceptable ranges of physiological responses(Table 6. 1).
Table 6. 1 Criteria for estimating acceptable exposure time in a hot work environment(ISO7933)
Acclimatized Non-acclimatized
Maximum skin wettedness, wmax 1.0 0.85
Maximum sweat rate, Swmax
25% greater than for unacclimatized 
subjects on average
Swmax=2.6(M-32)×ADugh-1
Maximum water loss
7.5% of the body mass for 50% of the working population
5% of the body mass for 95% the working population
Maximum rectal temperature For the average rectal temperature; 38°C for a group of workers
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6.4.1 ‘Ordinary’ people (Non acclimatization)
In  modern  society,  many people  spend their  time indoors  most  of the day.  When 
ordinary people travel shortly from one place to the other place, they may wear lower 
insulation  clothing  than  actual  required  insulation  under  the  thermal  environment. 
Höppe(2002) stated that it could take 43h for core temperature in outdoor exposure, 
especially in a cold environment, to reach to steady-state. However, to reach a steady 
state condition takes a much shorter time in a hot climate. People such as tourists on 
the beach had lower thermal stress than those inland during the hottest time of the 
day(Höppe and Seidl, 1991). 
Non-acclimatized people can be vulnerable when they are exposed to atypical weather 
conditions, and their thermoregulation system can be out of order. Therefore, a valid 
system which can predict human physiological responses, depending on the weather 
conditions, is required.
6.4.2 ‘Working’ people (Acclimatization)
It  is  obviously  expected  that  outdoor  occupations  such  as  agriculture,  industry, 
construction,  mining  and forestry require  different  clothing  behaviour  and activity 
than for non working people. The exposure time ranges between indoors and outdoors 
for working people may not be different. So it would not take long time to reach to 
steady-state for people in cold climate as well as in hot environment. They could have 
a high cold resistance or tolerance due to the habituation to cold and hot resistance. 
Vasomotor is dull and skin temperature response of human is less changeable when 
they are acclimatised to cold(Mäkinen et al., 2004). Rastogi et al.(1992) also imply 
that workers in glass bangle and brassware industries might have low physiological 
strain due to a high level of acclimatization. When thermal indices are considered for 
vocational people who are exposed outdoor regularly and spend relatively long time, 
capability of endurance for cold or heat might have to be considered. 
6.5  Difference  between  Indoors  and  Outdoors  on 
Psychological Aspects
Consideration of psychological aspects can be important to quantify the effects of the 
thermal environment on the human body particularly in outdoor environments which 
are  in  thermal  non-uniformity.  Rohles(1980)  observed  subjective  responses  in  a 
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‘normal’ thermal chamber and in a chamber decorated like a home or a cosy room 
with carpets and comfortable furniture, under same thermal environment. He found 
that participants felt warmer in the chamber disguised as a real room. Oseland(1995) 
also revealed the difference between climate chambers, offices and homes on thermal 
sensation, and people felt the warmest in home environments under identical climates. 
But Fanger(1970) did not agree and suggest that there was no particular distinction 
between  different  geographical  and  psychological  contexts  and  thermal  comfort 
responses.  Therefore,  it  is  interesting  to look further  into the  response of humans 
outdoors  which have changeable  thermal  environments  unlike  indoors  which have 
relatively steady state thermal conditions. In other words, even if the climate indoors 
and outdoors are identical the context may influence human response.
In ordinary situations such as a canyon, a park or beaches, even though people are 
exposed to high air temperatures or feel hot, they can feel very comfortable(Höppe, 
2002). If people are not in a work environment but are at leisure or on vacation, they 
have a high possibility of feeling pleasure and comfortable even in a hot environment. 
So the kinds of outdoor activity may make people feel different. In addition, if people 
are  exposed  to  hot  environments,  they  may  prefer  shaded  areas  to  sunny places. 
However, even though people were in hot environments but it was cloudy or ‘rainy’ 
for several days, they might be pleased to be under the sun. Psychological responses 
are often related to physiological responses for quantifying the thermal environment. 
However,  some  people  are  always  positive  and  may  not  say  uncomfortable  even 
though they feel hot. This will depend upon context and culture.
6.6 Thermal Indices for Use Outdoors
Quite a few thermal indices have been produced by many researchers. Some of them 
were developed for focusing on steady state conditions and some of the others were 
produced for non steady state conditions. In this study, thermal indices which have 
been  adopted  by  the  International  Standard  Organization  are  considered  such  as 
WBGT(ISO7243), PMV(ISO7730), PMVsolar(Hodder and Parsons, 2006), and IREQ 
and WCTI(ISO 11079). WBGT can evaluate the heat stress and IREQ and WCTI can 
evaluate the cold stress. The PMV considers thermal sensation and comfort. They are 
discussed below from the standpoint of whether those indices are presenting precise 
phenomenon(validity),  showing  same  results  through  repeated  measurement 
(reliability), and having limitations for users(usability). 
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6.6.1 Wet bulb globe temperature(WBGT)
Yaglou and Minard(1957) produced this simple heat stress index. Chapter 1 considers 
basic information of the WBGT index. This index is convenient to use in industrial 
environments as well as it provides trade-off between uncomplicated measurement of 
the thermal  environment  and the accuracy of the index (ISO 7243). This index is 
reflected in radiation from the sun, air temperature, humidity and wind speed. It is 
expressed  with  the  measurement  of  natural  wet-bulb  temperature(tnwb),  the  globe 
temperature(tg)  and  dry  bulb  temperature(ta).  The  Wet  Bulb  Globe 
temperature(WBGT) is calculated from following equations: 
agnwb tttWBGT 1.02.07.0 ++=     in the sun                                                           (6.1)
gnwb ttWBGT 3.07.0 +=                 out of the sun                                                     (6.2)
where 
tnwb = temperature of a natural wet bulb thermometer (ºC)
tg    = temperature of a 150mm diameter black globe thermometer (ºC) 
ta    = air temperature (ºC). 
If people are exposed to the heterogeneous thermal environment, the WBGT index 
should be determined at the three kinds of heights;  the head, abdomen and ankles 
above the ground(i.e. 0.1m, 1.1m and 1.7m for standing persons and 0.1m, 0.6m and 
1.1m for seated persons). If the thermal environment has constant values, it is fine to 
measure the WBGT index at just abdomen level. The mean value of the WBGT index 
can be achieved through following equation:
4
)2( anklesabdomenhead BGTWWBGTWBGTWBGT +×+=                                           (6.3)
6.6.1.1 Scope 
This index can evaluate  heat stress on the human body during a certain period of 
activity. However, heat stress in a short period as well as in near comfort zones cannot 
be explained. If the values of the WBGT-index are exceeded, more elaborate methods 
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may be required. The application of WBGT is in hot environment which are warm 
enough to lead to sweating. Fit and healthy people who wear clothing of 0.6clo then 
are reference limit values(Table 1.11). The reference values should be modified for 
non-specified  reference  clothing  such  as  protective  clothing.  The  reference  values 
explain not the peak value of heat stress but the mean effect of heat(ISO 7243). 
6.6.1.2 Validity and reliability
To find the single value of WBGT requires natural wet-bulb temperature and globe 
temperature. The natural wet-bulb temperature is not a basic parameter but could be 
said to simulate a person soaked in sweat. So the composite of another environmental 
parameters  may result  in the same WBGT. WBGT is less sensitive at  higher than 
1.5m/s of air velocity. The WBGT becomes less sensitive when air temperature and 
relative humidity go up(Azer and Hsu, 1977). Nash(2004) noted that the WBGT did 
not  consider  the  time  period  of  how  long  people  had  been  exposed  to  thermal 
environments,  and  it  is  important  to  time-weight  the  average  of  the  metabolic 
demands and the mean of the WBGT. 
There  are  several  studies  which  pointed  out  the  limitation  of  the  WBGT  index. 
Smolander et al.(1991) observed that the WBGT index did not explain the difference 
between intense warm humid and hot dry environments, and a difference in heat strain 
was not shown under these environmental  conditions. Budd(2008) stated the index 
underestimated the heat stress at  an environment  with high humidity or low wind 
speed where sweat was evaporated inactively. Rastogi et al.(1992) suggested that the 
WBGT  index  could  not  presuppose  the  physiological  strain  in  high  stress 
environment.  Parsons(2006) pointed out that  the interpretation of WBGT might be 
influenced by the estimates of metabolic rate which varied with activity, circumstance 
of measurement and individual differences such as gender, race and human behaviour 
from culture differences.
6.6.1.3 Usability
To  estimate  heat  stress  through  WBGT,   the  measurement  of  natural  wet-bulb 
temperature(tnwb) and the globe temperature(tg) is required for the situation without 
solar load and tnwb, tg and air temperature(ta) are needed for the environment with solar 
load. Whether the heat stress should be reduced or not can be decided by the data 
compared  with  the  reference  values(Table  1.11)(ISO 7243).  This  measurement  is 
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relatively easy and simple but the delay for the response time of globe temperature is 
often inconvenient. Incorrect values of the WBGT could be found out if the globe 
temperature  was  not  measured,  non  standard  instruments  were  used  or  improper 
calibration  occurred(Budd,  2008).  The  measurement  of  the  WBGT relies  on  just 
natural wet-bulb temperature and the globe temperature so that the error of instrument 
or measurement may largely act on the interpretation of the WBGT.
6.6.2 Predicted mean vote(PMV) and PMVsolar
Predicted  mean  vote(PMV)(Fanger,  1970;  ISO7730,  2005)  is  one  of  the  ways  of 
anticipating  the  thermal  sensation  and  the  amount  of  discomfort  of  people  under 
moderate  thermal  environments.  The  PMV can  predict  the  mean  vote  of  thermal 
sensation which people would feel under the thermally moderate condition based on 7 
point  thermal  sensation  scales(Table  1.9).  Chapter  1  also  introduces  the  PMV in 
detail. PMVsolar is a modification to the PMV index. It includes the direct effects of the 
sun  on  thermal  sensation(Parsons,  2003).  For  the  PMVsolar,  the  PMV  values  are 
increased by one sensation scale unit for every 200Wm-2 of direct solar radiation. The 
PMV scale is also increased to include +4 very hot, +5 extremely hot: -4 very cold 
and -5 extremely cold.
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200
RADPMVPMVsolar +=                                                                                          (6.8)
Where the PMV means only long wave radiation using the mean radiant temperature 
and RAD is the direct solar radiation in Wm-2.
6.6.2.1 Scope
The PMV index should work in  the value of PMV between -2 and +2 under the 
following intervals:
Metabolic  rate  is  46Wm-2 to  232Wm-2;  clothing  insulation  is  0clo  to  2clo;  air 
temperature  is 10°C to 30°C; mean radiant temperature is 10°C to 40°C; wind speed 
is 0m/s to 1m/s; partial vapour pressure is 0Pa to 2700Pa. The index can be utilised 
for  the  prediction  of  thermal  sensation  of  people  under  thermally  uniformed 
conditions as well as thermal conditions with minor fluctuations if the averages of 
variables during the previous 1 hour period are weighted with time(ISO 7730, 2005). 
Ethnic and national-geographic deviations can occur due to the PMV based on the 
data  using  American  and  European  people.  However,  Fanger(1970)  suggests  that 
these are of no practical significance. This is an area for debate.
6.6.2.2 Validity and reliability
In  general,  the  PMV  predicts  the  actual  subjective  response  accurately  in  the 
laboratory  study  and  in  sealed  buildings  but  field  research  showed  mixed 
results(Nicol  and  Humphrey,  2002;  de  Dear  and  Brager,  1998).  However,  some 
important variables used in the calculation of the PMV are not easy to estimate, such 
as  metabolic  rate  and  clothing  insulation.  In  addition,  the  improved  human  heat 
balance  equations  seem not  to  be reflected  in the PMV equation,  and the lack of 
theoretical validity have been noted(Olesen and Parsons, 2002). 
6.6.2.3 Usability
Direct  measurements  are  required  in  at  least  air  temperature,  mean  radiant 
temperature, air velocity and humidity. It is not easy to measure them technically and 
exactly.  The  PMV  equation  is  not  simple  to  calculate  and  although  computer 
programmes  are  used,  the  units  and  inputs  to  the  programme  require  specialist 
knowledge(Olesen and Parsons, 2002).
93
6.6.3 Wind chill temperature index
The Wind Chill index explains the influence of wind on heat transfer from bare skin. 
The experiment was conducted in Antarctica in 1941 and then the values of the wind 
chill index was associated with its thermal sensation. The new wind chill index has 
been produced for providing more realistic value than the old wind chill index. The 
wind chill index is described in Chapter 1.
6.6.3.1 Scope
The Wind chill index can examine cold stress or frostbite. It is based not on whole 
body cooling but on face cooling, and it cannot be utilised to assess hypothermia, 
human body heat loss or frostbite on body sites except for the face. The old wind chill 
index(WCI) has a limitation for calculation in low wind speeds as well as in very high 
wind speeds(Osczevski, 1995).
Heat loss by radiation was not distinguished from convective heat loss, and the old 
and new wind chill index do not consider the influence of solar radiation(Bluestein 
and Zecher, 1999). The new wind chill model(Twc) adopts a walking speed of 1.34m/s 
as a ‘calm’ wind speed. The range of application of the Twc value is +10 to -50°C air 
temperature and 1.34~26.8ms-1 in wind speed.
6.6.3.2 Validity and reliability
Many studies have been produced on the lack of a scientific  theory and technical 
shortcomings on the old wind chill  index(Shitzer,  2007). The old wind chill  index 
leads to too much discomfort  related to cold sensation.  In the original  studies the 
dimension of the cylinder was underestimated, and it could induce the wrong heat loss 
and fault of determination of freezing time. When compared to human tissue not a 
metal but plastic was used as the material of the cylinder, and the thickness of the 
plastic cylinder  unlike that of human skin was also pointed out to be different.  In 
addition, the wind chill equation used 33°C as assumed skin temperature but it does 
not  make  sense  in  cold  environment  as  skin  temperature  will  be  reduced  in  the 
cold(Osczevski, 1995).
The new wind chill model is based on a human face model and adopts modern heat 
transfer  theory.  So Nelson et  al.(2002)  pointed  out  that  people  could  feel  various 
coldness under the same combination of wind and air temperature. Also the thermal 
resistance of cheek varies depending on individuals. Other factors such as activity, 
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clothing, exposure time and solar radiation make the prediction of wind chill index 
inaccurate or at least limited in scope.
6.6.3.3 Usability
Simple parameters such as air temperature and wind speed are required for finding out 
the wind chill index. The units of the old wind chill are kCal/m2h, and it made users 
confused. The old wind chill index was based upon wind speed which was measured 
at 10m from the ground but the new wind chill index provides a correction to the wind 
speed at face level(1.5m). 
6.6.4 Required clothing insulation(IREQ)
The human body can be vulnerable or in danger under cold climates. The IREQ cold 
stress index is the clothing insulation required to keep the human body in a steady 
state  condition.  The  IREQ  index  provides  a  neutral  required  clothing 
insulation(IREQneutral)  for  maintaining  comfort,  and  a  minimal  required  clothing 
insulation(IREQmin) to preserve health. A duration limited exposure(Dlim) can also be 
calculated. So if people wear clothing less than the required clothing insulation, The 
IREQ can suggest clothing they should wear in terms of ‘resultant clothing insulation’ 
or the acceptable time that they may be exposed to under certain thermal conditions. 
More information about IREQ is provided in Chapter 1.
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Where symbols and units are described at the beginning of this thesis.
6.6.4.1 Scope
Cold  stress  can  be  measured  by  IREQ  which  combines  the  influence  of  air 
temperature, mean radiant temperature, relative humidity, wind speed and metabolic 
heat production. There are recommended limits of parameters. Air temperature should 
be  less  than  10°C(ta≤10°C),  air  velocity  should  be  between  0.4ms-1 and  18ms-1 
(0.4m/s≤va≤18m/s, and clothing insulation is more than 0.5clo(Icl>0.078m2·K·W-1). 
6.6.4.2 Validity and reliability
If IREQneutral is smaller than the actual clothing insulation, clothing insulation may be 
decreased. If IREQmin is larger the clothing insulation worn then, the insulation level 
may be increased. If the clothing insulation is between the IREQneutral and IREQmin, it 
would be acceptable clothing worn, but IREQneutral provides optimum comfort.
A negative heat storage rate results from the difference between Icl,r  and IREQneutral. 
Duration limited exposure can be found out from the basis of the difference between 
Icl,r and IREQmin.
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Griefahn(2000) pointed out that the IREQ index was not valid(did not work) under 
high activity levels(more  than 165Wm-2).  A difference between estimated  clothing 
insulation and theoretical clothing insulation was also found. Her study revealed that 
estimated Icl was higher than IREQneutral due to overestimation of clothing insulation, 
overdressing or invalidity of IREQ. In addition, several studies reported that IREQ 
might be overestimated in the air temperature of +5°C~+10°C and the inaccuracy of 
this index could be more than 50%. 
6.6.4.3 Usability
IREQ basically requires metabolic rate, air temperature, mean radiant temperature, air 
velocity, relative humidity, and clothing. Air permeability and walking speed may be 
required as well.  Much information and some specialist  information about thermal 
parameters  is needed for calculating IREQ. The layman may not easily use IREQ 
even  though  the  IREQ  calculation  is  provided  on  websites.  So  IREQ  could  be 
considered as the cold index for professional users. 
6.7 Conclusion
In general,  indoor thermal environments are steady-state but outdoor environments 
are  often  in  thermal  non-uniformity.  For  this  reason,  a  human  shows  different 
physiological  and  psychological  responses  between indoors  and outdoors.  A valid 
index for estimating thermal stress outdoors is needed. Four thermal indices(WBGT, 
PMV, WCI/tch, Twc and IREQ) were discussed based on previous studies. The WBGT 
is  less  sensitive  under  high  air  temperature  and  relative  humidity.  The  improved 
human heat balance equation was not reflected in the PMV and results from field 
studies are inconsistent. The WCI and Twc cannot explain the effect of the solar load. 
The  IREQ  is  criticised  for  the  overestimation  of  clothing  insulation  and  the 
application of the real workplace. So it is necessary that existing thermal indices are 
evaluated for their validity when used to assess outdoor conditions.
Chapters  7,  8,  9  and  10  present  field  studies  when  weather  and  human  thermal 
environment data were recorded along with human response. By comparing thermal 
index  values  with  human  response  data,  thermal  indices  were  evaluated  for  their 
suitability for use outdoors.
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Chapter 7: Quantification of weather conditions
7.1 Chapter Summary
This chapter deals with the weather data which was collected between October, 2007 
to September, 2008 at a latitude 52.47N and a longitude 01.11W(Loughborough, UK) 
at  2pm.  Air  temperature,  relative  humidity,  wind speed,  solar  radiation  and wind 
direction around the year is presented.
7.2 Introduction
Most people who prepare for outdoor activities often check the weather conditions 
such as air temperature, wind speed, and rain etc. through a weather forecast which is 
provided by the Meteorological office. Normally weather sites are located far from 
city centres where people actually work, and the results of the weather forecast could 
be different from what people experience. Air temperature in cities could be more 
than  1°C higher(Thorsson  et  al.  2007).  Wind  speed  at  1.5m(e.g.  the  height  of  a 
person) could be lower than wind speed at 10m height. It can be estimated that the 
wind speed at  10m is  1.5  times  the wind speed at  1.5m above ground level(ISO 
11079,  2007).  In  the  case  of  measuring  wind  speed,  the  observation  should  be 
conducted  far  from  impediments  such  as  buildings,  trees,  and  knolls,  and  the 
measurement spot should be in at least 10 times the height of the obstacles according 
to  the  WMO  guide  for  the  measurement  of  surface  wind  for  weather  stations. 
Additionally,  anemometers,  the standard instrument  for measuring air velocity,  are 
exposed at 10m above the ground. Therefore, the weather forecast provided by the 
meteorological  office seems not to be able to explain the actual weather to which 
people are exposed, and it would be valuable to know how much difference exists 
between  the  weather  and  the  thermal  environment  surrounding  a  human. 
‘Instruments’ which make up the weather station, which belongs to the department of 
Geography at Loughborough University and the location of the weather station are 
introduced in this chapter. Weather data over a year both at the height of people and at 
weather  station height,  were quantified.  Weather  station data  are presented in this 
chapter.
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7.3 Methods
All  instruments  were  produced  by  Campbell  Scientific  Ltd.  All  parameters  were 
recorded every 15mins over a year and the data was collected from October 2007 till 
September 2008. 
7.3.1 Air temperature and Relative humidity
The air temperature and relative humidity were measured by HMP45C TEMP&RH 
probe. It was located at 3 meters heights above the ground.
7.3.2 Air velocity
The air velocity was measured by CSAT3 three dimensional sonic anemometer.  It 
was located at 4 meters height above the ground.
7.3.3 Solar radiation
The solar radiation was measured by CNR1 net radiometer. It was located at 3meters 
heights above the ground.
7.3.4 Measurement site
The site where the weather station was installed was away from building and roads on 
Loughborough  University  campus(Figure  7.  1).  The  size  of  meteorology  site  was 
25m×20m and it was surrounded by a secure wire fence.
Figure 7. 1 Weather station site.
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7.4 Results
The data  were collected  between October,  2007 to  September,  2008 at  a  latitude 
52.47N and a longitude 01.11W(Loughborough, UK) between 9am and 5pm. The 
weather data at 2pm every day were selected.
7.4.1 Air temperature
Each  bar  shows  the  mean  air  temperature  of  each  month  and  the  standard 
deviation(Figure 7. 2). Each line means the maximum and minimum values of air 
temperature in each month.  The coldest month of the year was December and the 
hottest month was July. The lowest mean air temperature was 7(±3.7)°C in December. 
and  the  highest  mean  air  temperature  was  21(±4.2)°C  in  July.  The  highest  air 
temperature between October, 2007 and September, 2008 was also 29°C in July and 
the  lowest  air  temperature  over  a  year  was  -2°C  in  February.  The  mean  air 
temperatures in January, February, and March were similar at around 9°C. 
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Figure 7. 2 Air temperature(Loughborough University weather station, 2pm local time).
7.4.2 Relative humidity and Partial vapour pressure
Each  bar  shows  the  mean  relative  humidity  of  each  month  and  the  standard 
deviation(Figure 7. 3). Each line means the maximum and minimum values of relative 
humidity in each month. May, June, and July showed low relative humidity during the 
year and high relative humidity was in November, December, and January over the 
year.  So  in  terms  of  relative  humidity,  Summer  was  dry  and  Winter  was  humid 
generally. The lowest mean humidity was 59(±15.3)% in June and the highest mean 
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relative humidity was 80(±9.6)% in December. The driest day between October 2007 
and September 2008 was in May as 34%. 
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Figure 7. 3 Relative humidity(Loughborough University weather station, 2pm local time).
Each bar shows the mean partial  vapour pressure of each month and it’s standard 
deviation(Figure 7. 4). Each line means the maximum and minimum values of partial 
vapour pressure in each month. November, December, January, February, March, and 
April  showed low partial  vapour pressure during the year  and high partial  vapour 
pressure was in May, June, July, August, and September over the year. So Summer 
was high and Winter was low generally. The lowest mean partial vapour pressure was 
735(±182)Pa  in  March  and  the  highest  mean  partial  vapour  pressure  was 
1543(±251)Pa in August. The value of minimum partial  vapour pressure increased 
dramatically  after  March.  The  lowest  vapour  pressure  between  October  2007 and 
September 2008 was in April as 404Pa. 
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Figure 7. 4 Partial vapour pressure(Loughborough University weather station, 2pm local time).
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7.4.3 Wind speed
Each bar shows the mean air velocity(wind speed) for each month and it’s standard 
deviation(Figure 7. 5). Each line means the maximum and minimum values of air 
velocity in each month. Summer and Autumn had low wind speed and Winter and 
Spring  had  high  wind  speed  in  general.  The  lowest  mean  wind  speed  was 
1.1(±0.53)m/s in September and the highest mean wind speed was 2.6(±0.88)m/s in 
March.  The highest  wind speed between October.  2007 and September.  2008 was 
5.6m/s in December. and the lowest wind speed over a year was 0.3m/s in November. 
The highest air velocity of more than 4m/s was shown in seven months of November, 
December, January, February, March, April, and May and the rest of the year showed 
low standard deviation of air  velocity.  So the change of air  velocity from June to 
October was narrower than the other months.  The mean air velocity in December, 
January, February, March, and April were more than 2m/s and the rest of the year 
showed lower mean wind speeds than 2m/s. 
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Figure 7. 5 Wind speed(Loughborough University weather station, 2pm local time).
7.4.4 Solar radiation
Each  bar  shows  the  mean  direct  solar  radiation  of  each  month  and  it’s  standard 
deviation(Figure 7. 6). Each line means the maximum and minimum values of solar 
radiation  in  each  month.  Mean  solar  radiation  of  each  month  increased  from 
December to June and the decrease was shown from June to December. It resulted 
from the change of the altitude of the sun due to the Revolution. The amount of solar 
radiation under the clear blue sky in particular was influenced by the altitude of the 
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sun but low solar radiation under the overcast skies was not significantly influenced. 
The lowest mean solar radiation was 90(±40.7)Wm-2 in December and the highest 
mean  solar  radiation  was  512(±216.4)Wm-2 in  June.  However,  the  highest  solar 
radiation  was  895  Wm-2 in  May  and  the  lowest  solar  radiation  was  14  Wm-2 in 
January. 
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Figure 7. 6 Solar radiation(Loughborough University weather station, 2pm local time).
7.4.5 Wind direction
Wind direction for each month over a year is shown in  Table 7. 1. Wind direction 
over a year did not show the influence of a periodic wind, and wind blew from the 
South generally. Wind came from South in September and October and south-easterly 
wind was shown in February and May. A southwester was in the rest of the months of 
the year.
Table 7. 1 Wind direction (0°:North, 90°: East, 180°:South, 270°:West)
Month Mean wind direction (unit: degrees) SD
October 183 87.9
November 229 32.8
December 193 83.4
January 216 58.7
February 171 89.6
March 226 93.7
April 213 96.1
May 101 72.6
June 244 73.1
July 204 71.8
August 234 56.6
September 182 92.3
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Wind speed and wind direction were measured every 15mins  over a year  and the 
number of data point was 35136. Wind direction was changeable even within 15mins, 
and the number of data point which showed the standard deviation of more than 45° 
within 15mins  was 9324 out of 35136. So the change rate  of wind direction was 
around 27% in a year. 
7.4.6 Difference of wind speed by measured heights
It is of interest to know the relationship between wind speed provided by a weather 
station(e.g.  10m or 3m above the ground) and at  the height of a person(e.g. 1.5m 
above the ground). If there is a relationship it can be used to interpret weather station 
data in terms of possible human responses. The time of measured point at 1.5m and 
3m was matched reliably, and wind speeds at the height of 1.5m and 3m from April, 
2008 to September,  2008 are shown in  Figure 7. 8.  Wind speed was significantly 
different when measured at 3m and measured at 1.5m above the ground(p<0.05)(see 
Appendix D). Wind speed at 3m was generally higher than wind speed at 1.5m but the 
relationship was inconsistent(see  Figure 7. 7 and  Figure 7. 8). It can be concluded 
therefore that there is no simple relationship between the wind speed at 3m above the 
ground(from the weather station) and at 1.5m above the ground(where the people are). 
It  should  be  noted  that  further  work  is  required  in  the  area  both  because  of  the 
complexity of the relationship and that the sensitivity of the anemometer at 1.5m did 
not allow readings below 1.0ms-1 and hence the data were not used.
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Figure 7. 7  Scatter plot of wind speed at 1.5m and 3m.
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Figure 7. 8  Wind speed at 1.5m and 3m by month.
7.5 Discussion
Loughborough, U.K. had mild weather from October 2007 till September 2008, and 
the lowest air temperature at 2pm was -2°C and the highest air temperature at 2pm 
was 29°C. Even though it was mild weather over a year, a person may be able to get 
cold stress or heat stress. Mean air temperature in February was 8°C but the lowest 
temperature in February was -2°C. The difference between mean air temperature and 
the lowest one was 10°C, and it can make people who did not expect colder than usual 
weather get cold stress. In the case of July, the lowest air temperature was 14°C, and 
people  like  tourists  who  wore  summer  clothing  might  get  cold  stress.  Relative 
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humidity  was  not  much  changed around a  year.  October  to  January showed high 
humidity  of  70% but  even  the  lowest  relative  humidity  was  more  than  50%.  So 
relative  humidity  seems  not  to  have  much  influence  on  human  responses  during 
outdoor activity. However, partial vapour pressure showed a different pattern over a 
year, and Summer had high partial vapour pressure and Winter had low partial vapour 
pressure. Mean wind speed seemed to have a tendency around a year which is winter 
and  spring  high,  summer  and  autumn low.  However,  the  fluctuation  between  the 
highest  and  the  lowest  wind  speed  in  each  month  was  large  and  it  may  not  be 
considered that a particular tendency exists. On the other hand, the difference between 
the highest wind speed and the lowest one was largest between November to May. 
This period seemed to show a relatively stronger wind speed than June to October. It 
was  clear  that  solar  radiation  was  high  in  summer  and low in  winter  due  to  the 
revolution and the change of altitude. However, the low solar radiation in each month 
seems to be influenced by cloud cover rather than the altitude. So another factor such 
as air pollution may have effects on solar radiation reaching to the ground. Mean wind 
direction was changed by about 90° in a month and the number of data points which 
had the standard deviation of more than 45° in 15mins was 9324 out of 35136 in total. 
So  when  the  wind  chill  temperature  index  is  evaluated,  the  fluctuation  of  wind 
direction may be considered in the evaluation of the index. That is, because the wind 
chill temperature index was developed by a face model which was facing the wind 
directly.
7.6 Conclusion
The weather data has been recorded every 15mins over a year and the data points of 
air temperature, relative humidity, wind speed, solar radiation and wind direction at 
2pm on each day have been selected and presented. For the measurement time(2pm), 
location and measurement condition used the following was found.
1. The range of air temperature over a year was 31°C(-2°Cmin. to 29°Cmax.). 
2. Air temperature went up from December to July and then decreased from July to 
December. 
3. The range of mean relative humidity was about 20%. Relative humidity increased 
from  June  till  December  and  it  went  down  from December  to  June(59%min.  to 
80%max.). 
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4. Partial vapour pressure was hugely changed over a year, and the values in Summer 
were high and the values in Winter were low generally(735Pa min. to 1543Pa max.).
5.  Wind speed was shown as  relatively  inconsistent  over  a  year,  and  Winter  and 
Spring had heavier wind than Summer and Autumn. 
6. Solar radiation was influenced by the altitude of the sun depending on seasons, and 
mean solar radiation went up from December to June and it decreased from June till 
December. 
In addition, the amount of solar radiation was generally related to the amount of cloud 
cover rather than the altitude of the sun. Wind blew from the south generally,  and 
there was no influence of a periodic wind. However, wind direction changeable by 
more  than  50°  in  15mins  was  not  unusual  and  constituted  20% out  of  the  year. 
Furthermore, wind speed measured at 3m was higher than at 1.5m but there was no 
simple relationship between the two.
This  chapter  has  presented  weather  conditions  at  the  Loughborough  University 
weather station from October 2007 to September 2008. Chapters 8 and 9 describe 
experiments involving human subjects that were conducted at that weather station in 
the same period. In other words, at a time when the weather station data were known. 
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Chapter 8: A database of individual responses to a 
range of weather conditions across all seasons
8.1 Chapter Summary
This chapter presents the subjective and physiological responses of 130 participants 
when exposed to a range of outside weather conditions. The ranges of environmental 
conditions,  physiological  responses  and  subjective  responses  are  presented.  The 
results  are  presented  for  male  and female  participants  separately.  In  addition,  the 
correlations between environmental conditions, physiological response and subjective 
responses are shown.
8.2 Introduction
One method of evaluating human responses to thermal environments, is to expose a 
representative  sample  of  people to  particular  or  various  environmental  conditions. 
Often,  environmental  conditions have been simulated in climate chambers because 
actual outdoor conditions cannot be controlled and are not easily anticipated due to 
the non-steady state of outdoor weather conditions. So few studies where participants 
have  been  exposed  to  outdoor  conditions  have  been  conducted.  The  aim  of  the 
research  presented  in  this  chapter  was  to  measure  human  responses  to  outdoor 
weather conditions over a wide range of environments covering the four seasons of a 
complete year in the United Kingdom.
8.3 Method
Individual experiments of 130 people were conducted in Loughborough University 
weather station compound, to determine human responses to outside conditions. Each 
participant was exposed to everyday weather conditions for an hour.  The data were 
collected between July, 2007 to October, 2008 at a latitude 52.47N and a longitude 
01.11W(Loughborough, UK) between 9am and 5pm.
8.3.1 Environmental measurement
Environmental  conditions  were  recorded around the subjects.  Air  temperature  and 
humidity were measured using a whirling hygrometer. Dry and wet bulb temperatures 
were measured using shielded thermistors placed at heights equally spaced at 0.2m, 
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1.2m  and  1.7m.  Globe  temperature  was  placed  at  the  same  place  as  where  air 
temperature was measured in the sun. Radiation levels were measured using a Kipp 
and zonen CM11 pyranometer placed at  1.2m. Air velocity was measured using a 
B&K anemometer  and an Oregon weather  station WMR 928 NX placed at  1.2m. 
Clothing worn varied with conditions and was a white cotton short sleeved shirt or a 
white  cotton/polyester  shirt  or  a  grey  cotton/polyester  sweat  shirt,  blue  jeans, 
underwear, socks and trainers.  Clothing set was selected depending on basically air 
temperature as well as wind, cloud cover and the sun. It was selected that 0.59clo was 
at higher than 20°C of air temperature,  0.85clo was at 15°C~20°C, 0.96clo was at 
11°C~15°C, 1.07clo was at 7°C~11°C, and 1.13clo was at lower than 6°C. The air 
temperature was considered just before the experiment was started(Figure 8. 1).
      
Figure 8. 1 Clothed persons(0.59clo, 0.85clo, 0.96clo, and 1.13clo from left in order).
8.3.2 Physiological measurement
The subjects wore aural thermistors on both ears and four skin thermistors were fitted 
to the chest, upper arm, thigh and shin on the subjects’ bodies. A heart rate monitor 
was fitted on their chest. Their body weights were measured just before and after the 
experiment session. Total sweat loss was found with the difference between the semi-
nude weight before an experiment and the semi-nude weight after an experiment. The 
subject was weighed before and after the ‘exposure’ using Mettler 1D1 Multi-range 
Digital  Dynamic  Scales.  Skin  and  aural  temperature  was  measured  during  the 
exposure using thermistors.  Heart  rate  was  measured  using a  Polar  Sports  Tester. 
Mean skin temperature was calculated using a four-point method(Ramanathan, 1964).
8.3.3 Subjective measurement
A  subjective  questionnaire  was  completed  by  the  subjects  every  five  minutes 
throughout the 60 minute exposure(See Figure 2.9 in Chapter 2). The ISO 11-point 
extended  thermal  sensation  scale  was  used(ISO  10551).  Subjects  gave  ratings  of 
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thermal  sensation,  comfort,  stickiness,  preference,  pleasantness,  acceptance, 
satisfaction and Borg’s Rate of Perceived Exertion(RPE)(See chapter 2).
8.3.4 Participants
This study involved a total of 130 men and women from 18 to 58 years of age(Table
8. 1). All subjects were healthy and included students, housewives and white-collar or 
professional workers. For identification of data, the codes of participants consist of 
numbering  the  participant  by  sex  and  the  type  of  experiment.  For  example,  1MI 
means first male participant for individual experiment and 3FI says that third female 
participant for individual experiment. Individual experiment means a participant who 
conducted the study individually(described in the chapter) as opposed to conducting 
the experiment as part of a group(Chapter 9).
Table 8. 1 Physical characteristic of the participants
Subject Sex Age Height(m) Weight(Kg) BSA*(m2) Ethnicity
1MI M 26 1.76 75.0 1.90 White
2MI M 31 1.76 83.0 1.99 Korean
4MI M 24 1.72 57.2 1.67 Indian
5MI M 33 1.62 67.7 1.72 Korean
7MI M 31 1.83 67.5 1.88 Korean
9MI M 37 1.69 79.5 1.89 Indian
10MI M 30 1.81 69.9 1.88 White
11MI M 23 1.79 65.9 1.83 White
12MI M 23 1.81 57.0 1.73 White
13MI M 25 1.82 59.8 1.77 White
14MI M 26 1.71 65.6 1.76 White
15MI M 55 1.79 94.9 2.13 White
17MI M 36 1.73 58.8 1.70 Chinese
18MI M 21 1.75 82.6 1.98 White
19MI M 21 1.83 79.0 2.01 White
20MI M 28 1.74 71.7 1.85 Indian
26MI M 22 1.75 87.4 2.02 White
34MI M 20 1.83 73.0 1.94 White
36MI M 20 1.81 64.1 1.82 White
37MI M 47 1.75 79.5 1.95 White
38MI M 36 1.62 70.7 1.75 Indian
42MI M 47 1.75 70.0 1.84 White
45MI M 20 1.76 81.0 1.97 Black
46MI M 19 1.83 83.1 2.04 White
47MI M 21 1.76 69.7 1.85 White
48MI M 20 1.76 66.5 1.81 White
54MI M 20 1.82 85.6 2.07 White
55MI M 20 1.70 58.3 1.67 White
56MI M 21 1.84 80.0 2.02 White
57MI M 21 1.79 79.0 1.97 White
58MI M 22 1.69 73.8 1.84 White
61MI M 20 1.67 63.0 1.70 Indian
62MI M 20 1.74 90.0 2.04 White
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Subject Sex Age Height(m) Weight(Kg) BSA*(m2) Ethnicity
63MI M 20 1.66 71.3 1.79 White
64MI M 20 1.71 58.9 1.68 White
65MI M 20 1.88 112.5 2.38 White
66MI M 21 1.88 78.3 2.04 White
67MI M 21 1.81 77.4 1.97 White
69MI M 21 1.66 62.0 1.69 Indian
70MI M 22 1.77 59.0 1.73 White
75MI M 20 1.87 107.5 2.32 White
77MI M 20 1.70 86.8 1.98 White
78MI M 22 1.82 81.2 2.02 Black
80MI M 19 1.82 88.2 2.09 Indian
81MI M 24 1.82 81.2 2.02 Chinese
85MI M 32 1.81 89.4 2.09 Indian
102MI M 27 1.77 84.9 2.02 Chinese
104MI M 23 1.84 74.1 1.96 Chinese
105MI M 42 1.72 89.7 2.02 White
106MI M 28 1.69 69.9 1.79 White
107MI M 22 1.70 62.8 1.72 White
108MI M 28 1.71 72.9 1.84 Korean
110MI M 29 1.73 75.9 1.89 Indian
111MI M 34 1.68 69.0 1.78 Asian
114MI M 32 1.78 68.1 1.84 White
118MI M 18 1.69 54.7 1.62 White
120MI M 18 1.76 59.4 1.72 White
122MI M 18 1.66 57.6 1.63 White
123MI M 19 1.78 69.8 1.87 Indian
124MI M 19 1.87 82.7 2.08 White
125MI M 19 1.87 69.4 1.93 White
126MI M 18 1.68 60.6 1.68 White
128MI M 19 1.69 63.6 1.73 White
129MI M 23 1.85 68.7 1.90 White
130MI M 18 1.82 69.7 1.89 White
3FI F 29 1.61 57.7 1.60 Korean
6FI F 30 1.58 47.9 1.46 Korean
8FI F 39 1.69 55.8 1.63 Korean
16FI F 23 1.59 59.8 1.61 Korean
21FI F 21 1.61 61.5 1.64 Black
22FI F 20 1.75 71.9 1.87 White
23FI F 20 1.65 55.5 1.60 White
24FI F 19 1.68 74.0 1.83 White
25FI F 20 1.63 53.6 1.56 White
27FI F 21 1.67 55.7 1.62 White
28FI F 20 1.62 63.6 1.67 White
29FI F 20 1.82 96.2 2.17 White
30FI F 19 1.69 63.5 1.73 White
31FI F 20 1.57 42.3 1.37 White
32FI F 20 1.75 74.8 1.90 White
33FI F 32 1.66 55.6 1.61 Korean
35FI F 20 1.71 65.0 1.75 Black
39FI F 20 1.82 80.7 2.01 White
40FI F 21 1.66 65.9 1.73 White
41FI F 20 1.75 56.7 1.69 White
43FI F 19 1.75 61.1 1.74 White
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Subject Sex Age Height(m) Weight(Kg) BSA*(m2) Ethnicity
44FI F 19 1.62 61.0 1.64 White
49FI F 19 1.72 49.6 1.57 White
50FI F 21 1.64 50.0 1.52 White
51FI F 19 1.67 63.0 1.70 White
52FI F 20 1.71 64.6 1.75 White
53FI F 19 1.69 56.9 1.64 White
59FI F 19 1.64 65.2 1.71 Indian
60FI F 19 1.70 65.5 1.75 White
68FI F 20 1.64 63.4 1.68 White
71FI F 22 1.55 49.0 1.45 Chinese
72FI F 20 1.76 68.5 1.83 White
73FI F 21 1.46 48.7 1.38 Chinese
74FI F 21 1.74 72.3 1.86 White
76FI F 30 1.56 49.9 1.47 Chinese
79FI F 20 1.60 73.7 1.77 White
82FI F 26 1.58 45.6 1.43 Chinese
83FI F 28 1.67 61.8 1.69 Japanese
84FI F 23 1.64 64.9 1.70 White
86FI F 20 1.64 67.6 1.73 White
87FI F 19 1.65 62.1 1.68 White
88FI F 20 1.73 87.7 2.01 White
89FI F 23 1.53 58.4 1.55 White
90FI F 21 1.73 70.9 1.84 White
91FI F 23 1.54 49.3 1.45 Korean
92FI F 34 1.48 59.5 1.52 Indian
93FI F 24 1.65 50.2 1.53 Japanese
94FI F 19 1.62 66.0 1.70 Korean
95FI F 29 1.61 19.9 1.02 Chinese
96FI F 30 1.63 67.8 1.72 Indian
97FI F 26 1.64 57.5 1.61 Chinese
98FI F 21 1.56 59.9 1.59 White
99FI F 27 1.68 51.9 1.58 Chinese
100FI F 24 1.67 52.3 1.57 White
101FI F 25 1.61 56.7 1.58 Korean
103FI F 23 1.64 51.0 1.53 Chinese
109FI F 27 1.64 55.6 1.59 White
112FI F 58 1.71 70.2 1.81 White
113FI F 24 1.65 47.1 1.49 Korean
115FI F 18 1.78 72.1 1.89 White
116FI F 18 1.64 48.6 1.51 White
117FI F 22 1.68 52.5 1.59 White
119FI F 19 1.55 52.1 1.49 White
121FI F 18 1.64 47.6 1.49 White
127FI F 18 1.70 67.4 1.78 White
Male n=65 25(7.82) 1.76(0.067) 73.6(11.91) 1.89(0.157)
Female n=65 23(6.19) 1.65(0.073) 59.9(11.37) 1.65(0.175)
Total n=130 24(7.10) 1.71(0.088) 66.8(13.49) 1.77(0.204)
*: BSA means Body Surface Area(m2)
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8.3.5 Procedures
When  participants  arrived  at  the  place  where  experiments  were  to  be 
held(Loughborough University weather station compound), they were told about the 
details of the experiments, and then they completed generic health screening forms. 
Skin thermistors and aural thermistors were fitted and heart rate monitors were put on 
their chest. Their semi-nude and fully clothed body were weighed before a step test. 
The participants exercised for 60minutes in an open space facing the sun, performing 
a step test in time to a metronome set at a rate of 80bpm on a vertical rise of 150mm 
or 100mm. The subject was advised to alter the choice of lead foot periodically to 
avoid unequal leg strain. Every minute the subjects’ physiological measurements and 
the  environmental  parameters  were  recorded.  A  subjective  questionnaire  was 
completed every five minutes(see Figure 8. 1). At the end of the experiment, subjects’ 
semi-nude and clothed weights were measured.
8.3.6. Statistics
The Pearson correlation coefficient(parametric) was used to investigate relationships 
between  environmental  and  physiological  responses,  within  male  participants  and 
within female participants. Value of each parameter, at each data point, measured was 
correlated  with  other  parameters  corresponding  to  the  same  data  point.  The 
Spearman’s  rho  correlation(non-parametric)  was  used  to  look  at  the  relationship 
between  subjective  responses  and  other  parameters  within  male  participants  and 
within female participants. However, the average of environmental conditions over 
60mins  was  used  when  evaporative  sweat  loss  was  correlated  to  environmental 
parameters.  In  addition,  the  sweat  loss  was  correlated  to  the  final  points  of  each 
physiological  and subjective parameter.  The relative strength of the correlations  is 
commented as below as an indication of which parameters influence which. Because 
of  the  large  subjects  group  most  correlations  show  some  statistical 
significance(p<0.05).
113
8.4 Results
8.4.1 Individual database in total
8.4.1.1 Environmental measurements
The range of environmental conditions for 130 people are presented in Table 8. 2. The 
lowest air temperature was -0.6 ºC and the highest one was 25.2ºC over a year. Other 
environmental conditions also varied. Males and females were generally exposed to 
similar environmental conditions when they put on same clothing, but air velocity and 
solar radiation were slightly different (Table 8. 3). 
Table 8. 2 Mean environmental conditions over 60mins(n=130)
Range for males (n=65) Range for females (n=65)
Air temperature, ta(ºC) -0.6 ~ 25.2 5.1 ~ 24.9
Mean radiant temperature, tr(ºC) 10.8 ~ 63 9.7 ~ 61.4
Air velocity, v(ms-1) 0.63 ~ 3.08 0.43 ~ 3.64
Relative humidity, ø(%) 48 ~ 96 34 ~ 92
Partial vapour pressure(Pa) 505 ~ 1696 511 ~ 1680
Solar radiation(Wm-2) 29 ~ 777 66 ~ 810
Metabolic rate(Wm-2) 138 ~ 209 129 ~ 186
Clothing(clo*) 0.59 ~ 1.13 0.59 ~ 1.13
* clo is a unit which gives an estimate of clothing insulation on human body. For example, 0clo is for a nude person, 
1.0clo the insulation of a ‘typical business suit’ etc.
When  participants  wore  clothing  of  1.07clo,  the  range  of  air  temperatures  was 
narrower than others. In the case of solar radiation, the range was higher than others 
when participants wore clothing of 0.59clo. The data were collected between July, 
2007 to October, 2008 at a latitude 52.47N and a longitude 01.11W (Loughborough, 
UK) between 9am and 5pm.
Table 8. 3  Mean environmental conditions over 60mins by sex and clo (n=130)
0.59clo 0.85clo 0.96clo 1.07clo 1.13clo
M(n=14) F(n=17) M(n=18) F(n=15) M(n=15) F(n=15) M(n=11) F(n=9) M(n=7) F(n=9)
ta(ºC) 16.6~25.2 18.1~24.9 11.5~19 13.5~20.8 10.7~16 9.5~16.2 9.5~12.4 8.7~12.4 -0.6~8.5 5.1~9.7
tr(ºC) 30.6~63 39.4~61.4 14.4~55.1 22~53.7 10.8~54.3 15.1~49.3 11.8~49.3 12.1~47.6 12.6~37.9 9.7~42.6
ø(%) 48~78 34~75 52~96 48~88 54~86 50~86 50~84 59~74 50~94 47~71
Pa(Pa) 1086~1696 1047~1680 1097~1613 840~1665 705~1240 777~1189 597~1006 736~902 505~821 511~904
v(m/s) 0.67~2.49 0.67~2.55 0.63~2.33 0.71~1.69 0.75~2.45 0.43~3.06 1.24~3.01 1.1~3.64 0.74~3.08 1.26~2.77
SR
(Wm-2)
203~777 386~810 29~502 225~415 91~529 140~561 72~677 69~416 69~500 66~481
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8.4.1.2 Physiological measurements
The ranges  of  physiological  data  are  presented  in  Table  8.  4.  The range of  aural 
temperature was similar but other physiological parameters’ ranges were different. In 
addition, the range of physiological responses between males and females depending 
on the amount of clothing was clearly different(Table 8. 5).
Table 8. 4 Final physiological data after 60mins(n=130)
Range of males (n=65) Range of females (n=65)
Aural temperature, tau (ºC) 36.1 ~ 37.7 36.0 ~ 37.8
Skin temperature, tsk (ºC) 25.5 ~ 35.0 27.4 ~ 36.4
Heart rate, HR(bpm) 67 ~ 132 77 ~ 141
Total sweat loss, TSL(g/h) 69 ~ 647 46 ~ 452
Table 8.  5 Final physiological data after 60mins by sex and clothing(n=130)(see  Figure 8. 1 & 
Chapter 2)
0.59clo 0.85clo 0.96clo 1.07clo 1.13clo
M(n=14) F(n=17) M(n=18) F(n=15) M(n=15) F(n=15) M(n=11) F(n=9) M(n=7) F(n=9)
tau (ºC) 36.8~37.5 36.7~37.8 36.4~37.7 36.7~37.5 36.5~37.3 36.9~37.6 36.7~37.7 36~37.3 36.1~37.6 36.6~37.2
tsk (ºC) 29.2~35.0 31.4~36.4 28.1~34.8 29.7~34 29.1~33.7 29.2~33.8 26.4~34.5 27.4~32.3 25.5~32 28~32.2
HR(bpm) 67~132 77~141 84~127 77~136 70~108 77~123 74~115 81~123 74~109 97~111
TSL(g/h) 76~647 91~452 78~468 46~315 69~374 59~173 75~407 52~233 59~188 57~152
‘M’ means male and ‘F’ means female.
8.4.1.3 Subjective measurements
Participants  voted  their  thermal  sensation,  comfort,  stickiness,  preference, 
pleasantness, acceptance, satisfaction and perceived exertion from the Borg’s scale. 
The results can be seen in Table 8. 6. There was little difference between the range of 
males  and  females’  subjective  responses  but  there  was  a  difference  of  subjective 
responses over clothing condition(Table 8. 7).
Table 8. 6 Final subjective data after 60mins(n=130)(see Figure 2.9 in Chapter 2)
Range of males (n=65) Range of females (n=65)
Thermal sensation -5 ~ 4 -5 ~ 4.1
Comfort 1 ~ 4 1 ~ 4
Stickiness 1 ~ 4 1 ~ 4
Preference* -2 ~ 3 -3 ~ 3
Pleasantness ** -3 ~ 2 -3 ~ 2
Borg’s RPE 6 ~ 15 6 ~ 17
*: +3 much warmer, +2 warmer, +1 slightly warmer, 0 no change, -1 slightly cooler, -2 cooler, -3 much cooler
**:+3 very pleasant, +2 pleasant, +1 slightly pleasant, 0 neither pleasant nor unpleasant, -1 slightly unpleasant, 
-2 unpleasant, -3 very unpleasant
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Table 8. 7 Final subjective data after 60mins by sex and clo(n=130)(see Figure 8. 1& Chapter 2)
0.59clo 0.85clo 0.96clo 1.07clo 1.13clo
M(n=14) F(n=17) M(n=18) F(n=15) M(n=15) F(n=15) M(n=11) F(n=9) M(n=7) F(n=9)
Sensation 0~4 -2~4.1 -1~3 0~4 0~2.5 -1~3 -5~2 -5~2 -3~2 -3~1
Comfort 1~3 1~3.4 1~3 1~4 1~3 1~3 1~4 1~4 1~3 1~2
Stickiness 1~4 1~3.8 1~3.6 1~4 1~2 1~3 1~3 1~2 1 1~2
Preference* -2~0.9 -3~1.5 -2~1 -3~1.5 -2~0.5 -2~1 -1~3 -2~3 -1~2 -1~2
Pleasantness** -2~1 -2~2 -2.1~2 -3~2 -2~2 -2~2 -3~2 -3~0 -2~0.2 -1~0
Borg’s RPE 6~15 6~17 7~14 7~17 6~13 6~15 7~13 7~13 6~15 7~11
‘M’ means male and ‘F’ means female.       *: +3 much warmer, +2 warmer, +1 slightly warmer, 0 no change, 
-1 slightly cooler, -2 cooler, -3 much cooler      **:+3 very pleasant, +2 pleasant, +1 slightly pleasant, 0 neither 
pleasant nor unpleasant, -1 slightly unpleasant, -2 unpleasant, -3 very unpleasant
It can be concluded that measurements have been taken over a wide range of the U.K. 
weather conditions and have elicited a wide range of human responses.
8.4.2 Analysis by correlation
The  relationships  among  environmental,  physiological  and  subjective  parameters 
were  observed  such  as  mean  radiant  temperature(tr),  wind  speed(v),  solar 
radiation(SR),  air  temperature(ta),  relative  humidity(ø),  aural  temperature(tau),  skin 
temperature(tsk),  heart  rate(HR),  evaporative  sweat  loss  adjusted  by  body  surface 
area(SL),  metabolic  rate(Met),  sensation,  comfort,  stickiness,  preference, 
pleasantness, acceptance, satisfaction, and Borg’s RPE by the analysis of Pearson and 
Spearman  rho  correlations.  In  general,  most  of  the  parameters  had  significant 
relationships with each other parameters(p<0.05).
8.4.2.1 All participants responses
The degree of correlation between each parameter for all participants is presented in 
Table 8. 8 and  Table 8. 9. With regard to the relationship between environmental 
conditions and physiological responses, air temperature or mean radiant temperature 
had the highest correlations with physiological responses(see Appendix D). However, 
air  velocity  showed  the  lowest  correlations.  Furthermore,  the  mean  radiant 
temperature  showed  higher  correlation  than  solar  radiation  for  all  physiological 
responses.  With  regard  to  the  relationship  between  physiological  and  subjective 
responses,  stickiness  generally  had  the  highest  correlation  with  physiological 
responses. Comfort seemed to have no or very low relationship with physiological 
responses(Table 8. 8).
Table  8.  8 Relative  level  of  correlation  of  physiological  responses  with  environmental  and 
subjective responses for all participants.
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Environmental parameters Subjective parameters
tau ta > tr > ø > SR > v Stickiness>Preference>Sensation> Borg’s RPE 
tsk tr > SR > ta > ø > v 
Preference>Sensation>Satisfaction>Stickiness>Acceptance
> Borg’s RPE>Pleasantness
HR tr > ta > ø > SR > v Stickiness>Sensation>Preference>Borg’s RPE>Comfort
SL
Avg ta > Avg tr > Avg SR > Avg 
ø >Avg v
Stickiness> Preference>Sensation>Borg’s RPE
When subjective responses were correlated with environmental parameters, clothing, 
air  temperature  and  mean  radiant  temperature  had  the  highest  correlation  with 
subjective responses except for comfort(Table 8. 9). When physiological parameters 
were correlated with subjective responses, the mean skin temperature was consistently 
related to subjective responses except ‘comfort’. Thermal sensation had a significant 
relationship with comfort(Figure 8. 2).
Table  8.  9 Relative  level  of  correlation  of  subjective  responses  with  environmental  and 
physiological responses for all participants.
Environmental parameters Physiological parameters
Sensation Clo>ta > tr > SR > v SL> tsk > tau > HR
Comfort v Met
Stickiness Clo>ta > tr > SR > v > ø SL > tau > HR> tsk
Preference Clo>ta > tr > SR > v SL > tsk > tau > HR
Pleasantness ta >Clo > tr > SR > ø > v Met > tsk > tau
Acceptance Clo>ta > tr > SR >v tsk >Met
Satisfaction Clo>ta > tr > SR > v tsk >Met
Borg’s RPE ta > Clo > ø > tr > SR tau > SL > tsk > Met > HR
Figure 8. 2 Scattered plot for all participants(see Figure 2.9).
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8.4.2.2 Male responses
The degree of correlation coefficient between each parameter for male participants is 
presented  in  Table 8.  10 and  Table  8.  11.  When physiological  responses of  male 
participants were correlated to environmental conditions, air temperature and mean 
radiant temperature had the highest correlations with physiological responses(Table 8.
10).  However,  air  velocity  and  relative  humidity  showed  few  correlations. 
Furthermore,  the  mean  radiant  temperature  showed  higher  correlation  than  solar 
radiation  with  all  physiological  responses.  When  physiological  responses  of  male 
participants  were  correlated  to  subjective  responses,  stickiness  had  the  highest 
correlation  with  physiological  responses  except  the  mean  skin  temperature(see 
Appendix D). Comfort seemed to have no relationship with physiological responses. 
Generally, physiological parameters did not show much relationship with subjective 
parameters.
Table  8.  10 Relative  levels  of  correlation  of  physiological  responses  with  environmental  and 
subjective responses for male participants.
Environmental parameters Subjective parameters
tau ta > tr > ø > SR > v 
Stickiness>Borg’sRPE>Preference>Pleasantness>Satisfaction>Acceptance>Sen
sation
tsk tr > SR > ta > ø Preference>Satisfaction>Acceptance> Sensation>Pleasantness
HR tr > SR > v Stickiness
SL Avg ta > Avg tr > Avg SR > Avg ø Stickiness>Preference>Sensation
When  subjective  responses  were  correlated  to  environmental  parameters,  air 
temperature had the highest correlation with subjective responses except comfort and 
pleasantness(Table 8. 11). Generally, relative humidity and wind speed did not have 
high relationship  with subjective parameters.  When physiological  parameters  were 
correlated  to  subjective  responses,  aural  temperature  was  consistently  related  to 
subjective responses(see Appendix D). However, physiological parameters had low 
correlation  with  males’  sensation.  Furthermore,  when males  felt  sensation,  it  was 
found that it  seemed not to be related to the feeling of comfort  and pleasantness. 
Males’ heart rate seemed to be influenced by environmental conditions rather than by 
their other physiological responses. Heart rate was related to comfort and stickiness. 
When males felt comfort, no environmental conditions seemed to have an influence 
on it. Aural temperature and heart rate were correlated to comfort but interestingly 
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sweat production and skin temperature were not related to comfort.  Comfort had a 
relationship with sensation(Figure 8. 3).
Table  8.  11 Relative  level  of  correlation  of  subjective  responses  with  environmental  and 
physiological responses for male participants.
Environmental parameters Physiological parameters
Sensation Clo > ta > tr > SR >v SL > tsk > tau 
Comfort Clo - 
Stickiness Clo > ta > tr > v SL > tau > HR > Met
Preference ta > tr > SR > v SL > tsk > tau 
Pleasantness SR tau > tsk 
Acceptance Clo > ta > v > ø tsk > tau
Satisfaction Clo > ta > tr > SR > v tsk > tau
Borg’s RPE ta > ø > tr tau 
Figure 8. 3 Scattered plot for male participants(see Figure 2.9).
8.4.2.3 Female responses
The degree of correlation coefficient between each parameter for female participants 
is shown in  Table 8. 12 and  Table 8. 13. When physiological responses of female 
participants were correlated with environmental conditions, air temperature and mean 
radiant temperature had the highest correlations with physiological responses(Table 8.
12).  All  environmental  parameters  had  relationships  with  females’  physiological 
responses(see  Appendix  D).  Furthermore,  the  mean  radiant  temperature  showed 
higher correlation with every physiological responses than did solar radiation. When 
physiological  responses  of  female  participants  were  correlated  with  subjective 
responses,  generally  sensation,  stickiness,  preference  and  Borg’s  RPE  had  high 
correlation with physiological  responses. However, Borg’s RPE was not related to 
evaporative sweat loss. Comfort seemed to have no relationship with physiological 
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responses. Generally,  other subjective parameters such as pleasantness, acceptance, 
and  satisfaction  did  show  some  relationship  with  physiological  parameters.  The 
relationship between thermal sensation and comfort can be seen in Figure 8. 4.
Table  8.  12 Relative  level  of  correlation  of  physiological  responses  with  environmental  and 
subjective responses for female participants.
Environmental parameters Subjective parameters
tau ta > tr > v > SR > ø Preference>Stickiness>Sensation> Borg’s RPE >Acceptance
tsk tr > ta > SR > ø > v 
Sensation>Preference> Stickiness >Borg’s RPE> Satisfaction> 
Acceptance
HR ta > v > ø > tr >SR Stickiness>Sensation>Preference>Borg’s RPE> Acceptance
SL Avg ta > Avg tr > Avg SR > Avg ø >Avg v Stickiness>Sensation >Preference
Table  8.  13 Relative  level  of  correlation  of  subjective  responses  with  environmental  and 
physiological responses for female participants.
Environmental parameters Physiological parameters
Sensation Clo > ta > tr > SR > v SL > tsk > tau > HR
Comfort v Met
Stickiness Clo > ta > tr > SR > ø > v SL > tau > tsk > HR 
Preference Clo > ta > tr > SR > v SL > tau > tsk > HR
Pleasantness ta > Clo > ø > tr > v Met
Acceptance tr > ta > SR > Clo > v Met > tsk > tau > HR 
Satisfaction Clo > ta > tr > v > SR tsk > Met
Borg’s RPE ta > Clo > tr > v > ø > SR tsk > Met >  tau > HR
Figure 8. 4 Scattered plot for female participants(see Figure 2.9).
When  subjective  responses  were  correlated  with  environmental  parameters,  air 
temperature and the mean radiant temperature had high correlation with subjective 
responses except for comfort(Table 8. 13). Generally, relative humidity did not have a 
strong relationship with subjective parameters. When physiological parameters were 
correlated  to  subjective  responses,  mean  skin  temperature  was  more  related  to 
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subjective responses than aural temperature(see Appendix D). However, physiological 
parameters  were  not  highly  correlated  with  females’  comfort  and  satisfaction. 
Furthermore, it was shown that stickiness and pleasantness were correlated to relative 
humidity,  and  the  correlation  results  supported  the  theoretical  background.  For 
example,  relative  humidity  can  have  an  influence  on  sweat  production  and  the 
production can be related to stickiness. In addition, relative humidity can be related to 
pleasantness. However, males’ results did not show any correlation.
8.4.3 Sweat production
Sweat  productions  of  males  and  females  showed  high  correlation  with  level  of 
clothing  insulation(p<0.01).  This  is  not  surprising  as  light  clothing  was  worn  in 
environments  with  higher  air  temperature.  When  male  and female’s  clothes  were 
light,  sweat  production  was  larger.  In  addition  the  range  of  sweat  loss  between 
participants was wide. Interestingly,  when the clo value was 0.96clo,  the range of 
sweat loss between participants was narrower(Figure 8. 5). Evaporative sweat losses 
were different between males and females within each clothing category and between 
clothing(Figure 8. 6). 
Figure 8. 5 Sweat evaporated by clothing for all participants.
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Figure 8. 6 Sweat productions of males and females depending on clothing.
8.4.4 Experiments with couples
Four  couples  were  exposed  to  four  kinds  of  environmental  conditions.  A  couple 
consisted of a male and a female. The method was the same as individual experiments 
above in section 8.3 but a male and a female participants took part in an experiment at 
the same time rather than as an individual. This allowed a direct comparison of the 
responses of males and females or they were exposed to the same conditions.
8.4.4.1 Environmental conditions
Environmental  conditions  are  shown in  Table 8.  14 and air  temperature  and solar 
radiation varied from 12.4°C to 24.7°C and from 265Wm-2 to 700Wm-2 respectively. 
However, three couples wore the same kinds of clothing which is a short sleeved t-
shirt and blue jeans and only couple C put on a long sleeved shirt, sweat shirt and blue 
jeans. Couple A had a higher activity level than other couples.
Table 8. 14 Environmental conditions for couples
Couple A Couple B Couple C Couple D
Air temperature, ta(ºC) 24.7 20.7 12.4 19.5
Mean radiant temperature, tr(ºC) 61.3 53.9 17.0 39.8
Air velocity, v(ms-1) 1.2 1.1 1.5 0.7
Relative humidity, ø(%) 48 56 63 67
Solar radiation(Wm-2) 700 553 265 386
Clothing (clo) 0.59 0.59 1.07 0.59
Metabolic rate(Wm-2) 209 and 181 165 and 138 151 and 144 155 and 132
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8.4.4.2 Physiological responses
Males’ aural temperatures of Couple A, B, and C were higher than females’. Females 
had higher skin temperature, higher heart rate and lower sweat production compared 
with men(Figure 8. 7 and Figure 8. 8). The lower sweat production of females may 
result from the different size of sweat glands than males, females may start to sweat 
later than males, or their skin temperature might be higher than males. Fitness is also 
a factor(Havenith and van Middendorp, 1990). When subjects’ weight is taken into 
account, instead of using estimated values for an average subject, it can be seen that 
males were heavier than females and hence were under greater physiological strain. 
This  may explain  the increased sweat  production  in  males  for  example  individual 
values for metabolic estimates.
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Figure 8. 7 Evaporated sweat loss for four couples.
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Figure 8. 8 Physiological responses for four couples.
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8.4.4.3 Subjective responses
Sensation of females was the same or warmer than for males, and it seemed to be 
related  to  females’  physiological  responses  such  as  aural  temperature,  skin 
temperature  and heart  rate(Figure 8.  10).  Couple A and couple  B were similar  to 
males and females’ comfort and couple C and couple D were different. Stickiness, 
preference, and pleasantness of couple A, B, C, and D were different between males 
and females(Figure 8. 11 and Figure 8. 12). However, acceptance and satisfaction of 
couple A, B, C, D were not different(Figure 8. 9). The correlation results for females 
in the early part of this chapter found that females’ sensation was related to their over 
all physiological response. Males and females felt similar work loads on the Borg’s 
scale even though the heart rate of males was lower than that of females(Figure 8. 11). 
The difference in heart rate between males and females is as expected from previous 
studies. It may be related to lower fitness levels of females. The correlation results for 
males and females suggested that males’ heart rate was not related to Borg’s RPE but 
females’ was(Table 8. 10 and Table 8. 12). 
Group A
Time(min) 0 10 20 30 40 50 60
Acceptance*- male 0 0 0 0 0 0 0
Acceptance*- female 0 0 0 0 0 0 0
Time(min) 0 10 20 30 40 50 60
Satisfaction**-male 0 0 0 0 0 0 0
Satisfaction**-female 0 0 0 0 0 0 0
Group B
Time(min) 0 10 20 30 40 50 60
Acceptance*- male 0 0 0 0 0 0 0
Acceptance*- female 0 0 0 0 0 0 0
Time(min) 0 10 20 30 40 50 60
Satisfaction**-male 0 0 0 0 0 0 0
Satisfaction**-female 0 0 0 0 0 0 0
Group C
Time(min) 0 10 20 30 40 50 60
Acceptance*- male 0 0 0 0 0 0 0
Acceptance*- female 0 0 0 0 0 0 0
Time(min) 0 10 20 30 40 50 60
Satisfaction**-male 0 0 0 0 0 1 1
Satisfaction**-female 0 0 0 0 0 0 0
Group D
Time(min) 0 5 10 15 20 25 30 35 40 45 50 55 60
Acceptance*
male
0 1 0 0 0 0 0 0 0 0 0 0 0
Acceptance*
female
0 0 0 0 0 0 0 0 0 0 0 0 0
Time(min) 0 5 10 15 20 25 30 35 40 45 50 55 60
Satisfaction**
male
0 1 0 0 0 0 0 0 0 0 0 0 0
Satisfaction**
female
0 0 0 0 0 0 0 0 0 0 0 0 0
* 0; acceptable 1; unacceptable     ** 0; satisfied  1; dissatisfied
Figure 8. 9 Acceptance and satisfaction of four couples, each couple exposed to the same weather 
conditions.
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Figure 8. 10 Sensation and comfort of four couples.
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Stickiness Borg’s RPE
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Figure 8. 11 Stickiness and Borg’s RPE of four couples.
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Preference Pleasantness
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Figure 8. 12 Preference and pleasantness of four couples.
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8.5 Discussion
Aural  temperature  and  sweat  loss  seemed  to  have  been  strongly  affected  by  air 
temperature.  However,  mean skin temperature  and heart  rate  seemed to be highly 
influenced by mean radiant temperature. Aural temperature, heart rate and evaporative 
sweat loss were strongly related to stickiness and skin temperature was often related 
to preference and acceptance. Goromosov(1968) pointed out the mixed aspects related 
to skin temperature. The human skin can absorb radiation and the skin temperature 
cannot be a major index for thermal comfort under large heat exchange by radiation. 
So the skin temperature is not correlated with the thermal conditions of the individual. 
The current study showed that skin temperature had an inconsistent relationship with 
most subjective responses but sensation for all participants was highly related to sweat 
evaporated and mean skin temperature.  In addition,  comfort  for females showed a 
relationship with metabolic rate but for males it did not. 
Through the comparison of couples’ data, skin temperature and heart rate of females 
seemed to be higher than males but sweat production of females was much lower. 
However, sensation was not much different between male and female responses. It is 
important  to  note  that  the  results  were  based  on  only  4  couples.  However  it  did 
provide a useful opportunity for direct comparison.
The main factor traditionally considered to determine thermal comfort  at moderate 
environmental temperatures was the skin temperature(Winslow and Herrington,1949). 
However, the current study did not show the relationship between thermal comfort 
and physiological responses except for the metabolic rate of females. So people tend 
to feel so much discomfort when they are working at a moderate to heavy level of 
activity even though it was a moderate environment. 
Subjective responses generally did not show a relationship with relative humidity but 
the range of environmental  conditions did not include extremely hot environments 
and the range of humidity did not show large variation. If high air temperatures, such 
as those more than 30°C, were involved in this study,  relative humidity may have 
shown  a  relationship  with  subjective  responses.  Borg’s  rates  of  perceived 
exertion(RPE)  was  developed  as  a  tool  for  estimating  effort  and  exertion, 
breathlessness, and fatigue during physical work and the number of Borg’s RPE is 
considered to link up with heart rate. However, for males’ Borg’s RPE was not related 
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to their heart rate but for females’ it was. When the results of the difference between 
males and females with four couples were observed, females’ heart rate was higher 
than males’ but their Borg’s RPE was similar between males and females. The results 
support the correlation results. Therefore, Borg’s RPE may not explain the exertion of 
outdoor activity properly.
Goromosov(1968) suggested 
“it  is  important  to  remember  that,  when  the  body  is  cooled  by  radiation,  the 
compensation increase in the metabolic rate develops much later than in the case of  
cooling by convection, with the result that, for a certain time, the body is no longer in  
thermal equilibrium.” 
In addition, Nielsen(1990) pointed out that people who work under the sun can get 
greater load than the resting metabolic rate. However, all experiments in this study 
were conducted in outdoor weather conditions, and the estimated metabolic rate was 
used in this study. So any change of metabolic rate by radiation or convection could 
not be observed.
8.6 Conclusion
65 males and 65 females were exposed to various outdoor weather condition between 
July, 2007 and October, 2008 at Loughborough, U.K. From the results the following 
conclusions can be drawn.
1.  Physiological  responses,  environmental  conditions  and subjective  parameters  of 
male participants showed relationships with each other.
2.  Physiological  responses,  environmental  conditions  and subjective  parameters  of 
female participants showed relationships with each other.
3.  Mean  radiant  temperature  had  a  higher  correlation  with  physiological  and 
subjective responses than levels of direct solar radiation.
4. Wind speed out of all  environmental  parameters showed the lowest relationship 
with physiological responses.
5. Air temperature and the mean radiant temperature showed a strong relationship 
with subjective responses except for comfort.
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6.  Most  physiological  parameters  were  significantly  related  to  thermal  sensation, 
stickiness, preference and Borg’s RPE.
7.  All  physiological  responses  of  females  showed  a  relationship  with  every 
environmental parameter but only some of the males’ physiological responses showed 
it with the environmental parameters. So females’ relationships had consistency but 
males’ did not.
8. In the case of the result for the difference between a male and a female with four 
couples,  females  had  different  physiological  responses  than  males.  However, 
subjective responses between males and females were similar.
Females generally showed that their physiological responses were more sensitive than 
males, and the responses had a relationship with females’ subjective responses more 
than  males’.  So  when  human’s  heat  or  cold  stress  is  monitored,  for  females, 
measuring  physiological  responses  could  be  replaced  by  the  measurement  of 
subjective responses depending on the situation. However, in the case of males, it can 
be considered that physiological responses should be measured.
As a corollary four points are relevant.
1. The results apply for the range of conditions investigated and therefore particularly 
relevant to the U.K. Further investigation could include a wider range of conditions to 
cover global environments.
2. Further work is required to draw conclusions where the data are not substantial. 
Differences  between  males  and  females  as  well  as  other  conditions  must  be 
considered with other findings in the overall body of investigation of human response 
to thermal conditions.
3.  Correlation  is  not  cause  and  effect.  The  present  study  provides  substantial 
investigation however correlation must be considered in terms of underlying causal 
models.
4.  It  is  useful  to  consider  correlation  between  individual  parameters.  It  must  be 
remembered  however  that  human  response  will  depend  upon the  interaction  of  a 
number of parameters, hence the consideration of thermal indices.
Chapter 9 presents the results of ‘groups’ of subjects and chapter 10 considers all of 
the experiments calculated in terms of the validity of thermal indices.
131
Chapter 9: Group responses to outdoor conditions 
across all seasons
9.1 Chapter Summary
This  chapter  presents  four  group experiments.  Groups  of  up  to  10  subjects  were 
exposed  to  outdoor  and  conditions  at  the  same  time,  within  the  Loughborough 
University  weather  station  compound.  For  groups  were  investigated,  one  for  each 
season(Autumn, Winter,  Spring and Summer).  Statistical  analysis  for physiological 
and psychological responses was conducted within each group. The analysis of the 
relationship  between  the  predicted  mean  vote(PMV),  a  thermal  index,  and  actual 
thermal sensation is given particular consideration.
9.2 Introduction
For  the  evaluation  of  the  thermal  environment,  it  is  important  to  know  human 
responses to various thermal conditions as well as to know the diversity of human 
responses to particular thermal environments.  Human responses may vary between 
people throughout an activity but towards the end of the activity variation between 
subjects may be less as they have been exposed to similar conditions for a period of 
time. This chapter considers four groups of people each exposed to similar thermal 
environments,  and investigates  physiological  and psychological  responses within a 
group  and  between  groups.  The  aim  was  to  evaluate  human  responses  when 
participants were exposed to the same or similar environments, and to find out how 
well thermal indices could explain their actual responses.
9.3 All four groups
9.3.1 Method
Four group experiments were conducted in the U.K. to determine human responses to 
outside condition, one for each season of the year. They were conducted in September 
2007(Group  A),  December  2007(Group  B),  March  2008(Group  C)  and  June 
2008(Group D). 
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9.3.1.1 Environmental measurement
Environmental  conditions  were  recorded around the subjects.  Air  temperature  and 
humidity were measured using a whirling hygrometer. In addition, dry and wet bulb 
temperatures were measured using shielded thermistors and black globe temperature 
was measured at the same place as the dry and wet bulb temperatures were measured 
in  the  sun.  Radiation  levels  were  measured  using  a  Kipp  and  zonen  CM11 
pyranometer. Air velocity was measured using a B&K anemometer and an Oregon 
weather  station  WMR 928 NX.  All  measurements  were  taken  at  1.2m above the 
ground. Clothing worn varied with conditions and all items were a white cotton short 
sleeved shirt or a white cotton/polyester long sleeved shirt or a grey cotton/polyester 
sweat shirt, blue jeans, underwear, socks and trainers. 0.59clo for group A and group 
D consisted of a short sleeved shirt, blue jeans, underwear, socks and trainers. 1.07clo 
for group C consisted of a long sleeved shirt, a sweat shirt, blue jeans, underwear, 
socks and trainers and 1.13clo for group B consisted of a short sleeved and a long 
sleeved shirts, a sweat shirt, blue jeans, underwear, socks and trainers(See Appendix 
A).
9.3.1.2 Physiological measurement
The subject was weighed minimally clothed before and after  the ‘exposure’ using 
Mettler 1D1 Multi-range Digital Dynamic Scales, and the difference of weights was 
considered  as  sweat  production  (Parsons,  2003).  Aural  temperature  was  measured 
during the exposure using thermistors. Heart rate was measured using a Polar sports 
tester(See chapter 2).
9.3.1.3 Subjective measurement
A  subjective  questionnaire  was  completed  by  the  subjects  every  ten  minutes  for 
Group A and B and every five minutes for Group C and D throughout the 60 minute 
exposure. The ISO extended 11-point thermal sensation scale was used (ISO 10551). 
Subjects  gave  ratings  of  thermal  sensation,  comfort,  stickiness,  preference, 
pleasantness, acceptance, satisfaction and Borg’s Rate of Perceived Exertion (Borg’s 
RPE, Borg(1998)). 
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9.3.1.4 Participants
Thirty eight male participants were involved in this study. Their average ages, height, 
weight and body surface area were 24.5(4.24)years, 1.77(0.056)m, 72.6(6.82)kg, and 
1.89(0.098)m2 respectively. 
9.3.1.5 Procedures
Body weight was measured(participants wearing only underwear). Aural thermistors 
and heart rate monitors were fitted. Their fully clothed body was weighed before a 
step test. The participants exercised for 60 minutes in an open space facing the sun, 
performing a step test in time to a metronome set at a rate of 80bpm on a vertical rise 
of 100mm which can be estimated as providing a heat production of approximately 
160Wm-2 (ACSM, 2006; ISO 8996, 2004). The subject was advised to alter the choice 
of  lead  foot  periodically  to  avoid  unequal  leg  strain.  Every  minute  the  subjects’ 
physiological  measurements  and  the  environmental  parameters  were  recorded.  A 
subjective questionnaire was completed every five or ten minutes. At the end of the 
experiment, subjects’ shorts only and clothed weights were measured as conducted 
before the experiment began. Participants in Group A started at the same time but 
participants in Group B, C, and D started differently with approximately five minutes 
intervals between participants. This allowed measurements of their body weights just 
before and after 60mins exposures, rather than having a queuing delay.
9.3.2 Results
9.3.2.1 Environmental conditions
The range of environmental conditions for the four group experiments are shown in 
Table 9. 1. All participants of Group A were exposed to the same environment but 
participants of Groups B, C, and D were exposed to slightly different environmental 
conditions  because  they  stated  at  slightly  different  times.  There  were  various 
environmental conditions from warm to cool environments between groups, and 6.7ºC 
to 24.7ºC for air temperature, 17.9ºC to 56.6ºC for mean radiant temperature, 0.84m/s 
to 2.4m/s for wind speed, 123Wm-2 to 876Wm-2 for solar radiation, and 0.59clo to 
1.13clo for clothing. 
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Table 9. 1 Range of mean environmental conditions for all groups
Range
Air temperature, ta(ºC) 6.7 ~ 24.7
Mean radiant temperature, tr(ºC) 17.9 ~ 56.6
Air velocity, v(ms-1) 0.84 ~ 2.4
Relative humidity, ø(%) 54 ~ 69
Solar radiation(Wm-2) 123 ~ 876
Clothing(clo*) 0.59 ~ 1.13
* clo is a unit which gives an estimate of clothing insulation on human body. For example, 0clo is for a nude person, 
1.0clo the insulation of a ‘typical business suit’ etc.
9.3.2.2 Physiological responses
The range of final physiological responses for four group experiments are shown in 
Table 9. 2. Internal body temperature was different among participants in Group A 
but no difference in Group D which had a warm environmental condition. In respect 
of heart rate, it varied between participants for all groups although they conducted the 
same activity. Sweat production was high in warm environmental conditions and low 
in cool environmental conditions as expected. The range of mean estimated metabolic 
rate for four groups was 159Wm-2 to 164Wm-2(ACSM, 2006; ISO8996, 2004).
Table 9. 2 Range of mean final physiological responses for all four groups
Range
Aural temperature, tau(ºC) 36.3 ~ 37.3
Heart rate (bpm) 91 ~ 105
Sweat evaporated (gh-1) 80 ~ 471
Metabolic rate(Wm-2) 159 ~ 164
9.3.2.3 Subjective responses
The range of final subjective responses for the four group experiments are shown in 
Table  9.  3.  Final  subjective  responses  between  participants  within  groups  were 
different. Group A and D showed higher than ‘slightly warm’ for thermal sensation 
and  ‘not  uncomfortable’  for  comfort.  A  few  participants  voted  unacceptable  and 
dissatisfied for the thermal environment in each group.
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Table 9. 3 Range of mean final subjective responses for all four groups(see figure 2.9 in chapter2)
Range
Sensation 0.6 ~ 2.5
Comfort 1.6 ~ 2.5
Stickiness 1.3 ~ 2.8
Preference -1.5 ~ 0.3
Pleasantness -1.4 ~ 0.1
Borg’s RPE 8.3 ~ 11
9.4 Group A(Autumn)
9.4.1 Method
Group experiments were conducted in each season, and four group experiments were 
conducted between September, 2007 and June, 2008. The group A experiment was 
conducted  on  6th,  September,  2007  between  2pm and  3pm  at  the  Loughborough 
university weather station compound.
9.4.1.1 Environmental measurement
Environmental  conditions  were  recorded around the subjects.  Air  temperature  and 
humidity were measured using a whirling hygrometer at 1.2m above the ground level. 
Dry and wet bulb temperatures were measured using shielded thermistors placed at 
heights equally spaced at 0.2m, 1.2m and 1.7m. Black globe temperature was placed 
at the same place as where dry and wet bulb temperatures were measured in the sun. 
Radiation levels were measured using a Kipp and zonen CM11 pyranometer placed at 
1.2m. Air velocity was measured using B&K anemometer and Oregon weather station 
WMR 928 NX placed at 1.2m. Clothing worn was a white cotton short sleeved shirt, 
blue jeans, underwear, socks and trainers which provided a clothing insulation value 
of 0.59clo(see Appendix A). 
9.4.1.2 Physiological measurement
The subject was weighed before and after the ‘exposure’ using Mettler 1D1 Multi-
range Digital Dynamic Scales, and the difference of weights was considered as sweat 
production. Aural temperature was measured during the exposure using thermistors. 
Heart rate was measured using a Polar Sports Tester. Metabolic rate was estimated for 
each individual subject by the equations of ACSM(2006) and ISO8996(see chapter 1).
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9.4.1.3 Subjective measurement
A  subjective  questionnaire  was  completed  by  the  subjects  every  ten  minutes 
throughout the 60 minute exposure(Figure 2.9 in Chapter 2). The extended ISO 11-
point thermal sensation scale was used(ISO 10551). Subjects gave ratings of thermal 
sensation, comfort,  stickiness, preference, pleasantness, acceptance, satisfaction and 
Borg’s Rate of Perceived Exertion(Borg’s RPE).
9.4.1.4 Participants
Ten males students were involved as participants in this study(Table 9. 4). The codes 
for participants’ data consist of a serial number of the participants, sex(M/F), the type 
of experiment(Group:G) and the name of group(A,B,C,D). For example,  131MGA 
means a hundred thirty first participant in the overall dataset. It was male and took 
part in a group experiment in group A.
Table 9. 4 Physical characteristic for participants of group A
Subject Age Height(m) Weight(Kg) BSA*(m2) Ethnicity
131MGA 27 1.75 66.0 1.80 Korean
132MGA 26 1.78 63.5 1.79 Indian
133MGA 23 1.84 69.8 1.91 White
134MGA 24 1.85 93.8 2.17 White
135MGA 25 1.79 73.8 1.92 White
136MGA 25 1.83 79.7 2.01 White
137MGA 26 1.76 79.5 1.95 White
138MGA 24 1.75 76.0 1.91 Indian
139MGA 25 1.76 74.0 1.89 White
140MGA 35 1.70 70.5 1.81 Korean
Mean 26 1.78 74.7 1.92
SD 3.37 0.047 8.55 0.115
*: BSA means Body Surface Area(m2)
9.4.1.5 Procedure
When participants arrived at the place where experiments were to be held, they were 
told  about  details  of  the  experiments,  and  then  they  completed  generic  health 
screening  forms.  Their  semi-nude  clothed  body  weight  was  measured.  Aural 
thermistors were fitted and heart rate monitors were put on their chest. Their fully 
clothed body was weighed. Subjects then went outside and conducted a step test. The 
participants exercised for 60 minutes in an open space facing the sun, performing a 
step  test  in  time  to  a  metronome  set  at  a  rate  of  80bpm  on  a  vertical  rise  of 
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100mm(Figure  9.  1).  The  subject  was  advised  to  alter  the  choice  of  lead  foot 
periodically  to  avoid  unequal  leg  strain.  Every  minute  the  subjects’  physiological 
measurements  and  the  environmental  parameters  were  recorded.  A  subjective 
questionnaire  was  completed  every  ten  minutes.  At  the  end  of  the  experiment, 
subjects’ semi-nude and clothed weights were measured.
Figure 9. 1 Participants of group A (note 10 participants and thermal manikin in the centre).
9.4.1.6 Statistics
A  paired  t-test  was  used  on  physiological  parameters  to  investigate  differences 
between participants. The total number of pairs was 45. The Mann-Whitney U test 
was  used  to  test  difference  in  subjective  parameters  between  participants  and  the 
Wilcoxon  test  was  used  to  investigate  the  difference  between  the  PMV  and 
AMV(actual mean vote) within participants. 
9.4.2 Results
9.4.2.1 Environmental conditions
Environmental  conditions  for group A for 10 people are presented on  Table 9.  5. 
Mean air temperature was 25°C and the weather was generally sunny. It was one of 
the  hot  days  in  England.  The  data  were  collected  on  6th,  September.  2007  in 
Loughborough, UK between 1pm and 2pm.
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Table 9. 5 Mean environmental conditions over 60mins for Group A
Average(SD)
Air temperature, ta(ºC) 24.7(1.12)
Mean radiant temperature, tr(ºC) 49.5(8.3)
Air velocity, v(ms-1) 0.84(0.393)
Relative humidity, ø(%) 61(5.16)
Solar radiation(Wm-2) 446(169.14)
Clothing(clo*) 0.59
Metabolic rate(Wm-2) 163(9.4)
* clo is a unit which gives an estimate of clothing insulation on human body. For example, 0clo is for a nude person, 
1.0clo the insulation of a ‘typical business suit’ etc.
9.4.2.2 Physiological responses
Physiological data for group A for 10 males are shown in Figure 9. 2. A paired t-test 
analysis  was  used  for  data  overall  as  well  as  for  the  final  recorded  response  at 
60minutes. In the case of aural temperature, paired t-test results revealed that three out 
of the 45 cases did not show the difference between participants and then the rest of 
them did(p<0.05)(Table 9. 6). It was the same result when the final aural temperature 
was considered.  In the case of heart rate, a paired t-test results showed that every 
participants had the difference except only 138MGA and 140MGA(Table 9. 7). Final 
heart rate had similar results(Table 9. 8). Evaporative sweat loss was varied between 
participants for one hour exercise. Therefore, physiological responses were generally 
different between participants of Group A. 
Table 9. 6 Paired t-test result for aural temperature of participants of Group A
131MGA 132MGA 133MGA 134MGA 135MGA 136MGA 137MGA 138MGA 139MGA 140MGA
131MGA .
132MGA .
133MGA . N
134MGA .
135MGA .
136MGA . N
137MGA .
138MGA . N
139MGA N N N .
140MGA .
N means no significant difference and empty cells mean significant difference.
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Table 9. 7 Paired t-test result for heart rate between participants of Group A
131MGA 132MGA 133MGA 134MGA 135MGA 136MGA 137MGA 138MGA 139MGA 140MGA
131MGA .
132MGA .
133MGA .
134MGA .
135MGA .
136MGA .
137MGA .
138MGA . N
139MGA .
140MGA N .
N means no significant difference and empty cells mean significant difference.
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Figure 9. 2 Physiological responses of group A(10 subjects).
Table 9. 8 Final aural temperature, final heart rate and sweat production of Group A
140
Aural temperature(°C) Heart rate(bpm) Sweat evaporated(gh-1)
Average(SD
)
37.3(0.28) 105(21.53) 471(77.16)
9.4.2.3 Subjective responses
Participants  voted  their  thermal  sensation,  comfort,  stickiness,  preference, 
pleasantness,  acceptance,  satisfaction  and  Borg’s  rate  of  perceived  exertion.  The 
results  can  be  shown in  Figure  9.  3.  Mann-Whitney  U  analysis  were  conducted. 
Significant  differences,  of  subjective  responses,  between  participants  was 
shown(p<0.05).  About  two  third  of  the  data  set  showed  no  difference  between 
participants for sensation, comfort, stickiness, preference and pleasantness but most 
cases of Borg’s RPE showed a difference(p<0.05).
In the case of sensation, 19 out of 45 cases showed a significant difference and the 
rest of them did not(Figure 9. 3). Final sensation was various(Table 9. 9). In the case 
of comfort, 17 cases out of 45 cases had the difference between participants. Half of 
participants said slightly uncomfortable and the other half voted uncomfortable for 
final  comfort.  In  the  case  of  stickiness,  15  cases  out  of  45  cases  showed  the 
difference. More than half of participants had the same final stickiness. In the case of 
preference,  18  cases  out  of  45  cases  showed  a  difference.  Six  participants  voted 
‘slightly cooler’ for their preference. In the case of pleasantness, 14 cases out of 45 
cases showed a difference between participants and six participants voted ‘slightly 
unpleasant’ for final pleasantness. In the case of Borg’s RPE, just 8 cases out of 45 
cases showed no difference, and final Borg’s RPE was also various(see Appendix D). 
In the case of acceptance and satisfaction, most of participants voted ‘acceptable’ and 
‘satisfied’  at  the  beginning  but  half  of  them  turned  into  ‘unacceptable’  and 
‘dissatisfied’ at the end(Figure 9. 3). Therefore, most responses of Borg’s RPE were 
generally different between participants but generally less than half of participants 
showed a  difference  for  the  other  subjective  responses.  However,  final  subjective 
responses seemed to show slightly more differences between participants. 
Table 9. 9  Final subjective responses of Group A(see Figure 2.9 in Chapter 2)
Sensation Comfort Stickiness Preference Pleasantness Borg’s RPE
Average(SD) 2.5(0.76) 2.5(0.53) 2.8(0.63) -1.5(0.69) -1.38(0.49) 11(3.13)
Mean values on 
subjective scale
Warm to hot
Slightly 
uncomfortable 
to 
uncomfortable
Slightly sticky 
to sticky
Slightly cooler 
to cooler
Slightly 
unpleasant to 
unpleasant
Light
141
Sensation
-5
-4
-3
-2
-1
0
1
2
3
4
5
0 10 20 30 40 50 60
TIme(min)
131MGA
132MGA
133MGA
134MGA
135MGA
136MGA
137MGA
138MGA
139MGA
140MGA
Extremely hot
Cold
Cool
Slightly cool
Neutral
Slightly warm
Warm
Hot
Very hot
Very cold
Extremely cold
Comfort
1
2
3
4
0 10 20 30 40 50 60
Time(min)
131MGA
132MGA
133MGA
134MGA
135MGA
136MGA
137MGA
138MGA
139MGA
140MGA
Very uncomfortable
Not uncomfortable
Slightly uncomfortable
Uncomfortable
Stickiness
1
2
3
4
0 10 20 30 40 50 60
Time(min)
131MGA
132MGA
133MGA
134MGA
135MGA
136MGA
137MGA
138MGA
139MGA
140MGA
Not sticky
Slightly sticky
Sticky
Very sticky
Preference
-3
-2
-1
0
1
2
3
0 10 20 30 40 50 60
Time(min)
131MGA
132MGA
133MGA
134MGA
135MGA
136MGA
137MGA
138MGA
139MGA
140MGA
Much warmer
Much cooler
Cooler
Slightly cooler
No change
Slightly  warmer
Warmer
Pleasantness
-3
-2
-1
0
1
2
3
0 10 20 30 40 50 60
Time(min)
131MGA
132MGA
133MGA
134MGA
135MGA
136MGA
137MGA
138MGA
139MGA
140MGA
Very unpleasant
Unpleasant
Slightly unpleasant
Neither pleasant nor 
unpleasant
Slightly pleasant
Pleasant
Very pleasant
Borg's RPE
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
0 10 20 30 40 50 60
Time(min)
131MGA
132MGA
133MGA
134MGA
135MGA
136MGA
137MGA
138MGA
139MGA
140MGA
No exertion at all
Maximal exertion
Extremely hard
Very hard
Hard(heavy)
Somewhat hard
Light
Very light
Extremely light
Acceptance
Time(min) 0 10 20 30 40 50 60
131MGA 0 0 0 0 0 0 0
132MGA 0 0 0 0 1 1 1
133MGA 0 0 0 0 0 0 0
134MGA 0 0 0 1 1 1 1
135MGA 0 0 0 0 0 0 0
136MGA 0 0 0 0 0 0 0
137MGA 1 1 1 1 1 1 1
138MGA 0 0 1 0 0 1 1
139MGA 0 0 0 0 0 0 0
140MGA 0 0 0 1 1 1 1
0; acceptable  1; unacceptable
Satisfaction
Time(min) 0 10 20 30 40 50 60
131MGA 0 0 0 0 0 0 0
132MGA 0 0 0 0 1 1 1
133MGA 0 0 0 0 0 0 0
134MGA 0 1 1 1 1 1 1
135MGA 0 0 0 0 0 0 0
136MGA 0 0 0 0 0 0 0
137MGA 1 1 1 1 1 1 1
138MGA 0 0 1 1 0 1 1
139MGA 0 0 0 0 0 0 0
140MGA 0 0 0 1 1 1 1
0; satisfied  1; dissatisfied
Figure 9. 3  Subjective responses for group A(10 subjects).
9.4.2.4 Analysis of the Predicted mean vote(PMV) index
The PMV and actual mean vote(AMV) of group A are shown in Figure 9. 4 and Table
9.  10.  For  the  calculation  of  a  PMV  for  each  subject,  individual  metabolic  rate 
estimates were used(Table 9. 10).  Eight participants in group A showed significant 
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differences  between  PMV  and  AMV(p<0.05),  with  AMV  lower  than  PMV.  The 
environmental conditions of group A had some values out of ranges of the scope of 
the PMV, and most of the PMV values were around 3 which means ‘hot’. However, 
participants  voted  less  than  hot  as  AMV  in  the  most  of  the  data.  Participants 
132MGA,  134MGA,  137MGA,  and  140MGA  seemed  to  have  similar  PMV 
predictions to corresponding AMV values except for the data at 0min(Figure 9. 4). 
The  initial  AMV  was  lower  than  the  initial  PMV  and  the  difference  was  large. 
However,  the  final  AMV  was  closer  to  the  final  PMV  and  the  difference  was 
smaller(Table 9. 10). 
Table 9. 10 Individual metabolic rate, PMV and AMV for Group A
Subject Metabolic rate(Wm-2) Initial PMV Initial sensation Final PMV Final sensation
131MGA 154 3.2 1 2.9 2
132MGA 149 3.1 0 2.8 3
133MGA 153 3.2 1 2.9 2
134MGA 181 3.7 2 3.4 3
135MGA 161 3.3 -1 3.0 1
136MGA 166 3.4 1 3.1 2
137MGA 171 3.5 2 3.2 3
138MGA 167 3.4 1 3.1 2
139MGA 164 3.4 2 3.1 3
140MGA 163 3.3 1 3.1 3.5
Mean 163 3.3 1 3.1 2.5
SD 9.4 0.16 0.94 0.16 0.76
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Figure 9. 4 AMV and PMV for participants of Group A(10 subjects).
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9.5 Group B(Winter)
9.5.1 Method
Group experiments were conducted in each season, and four group experiments were 
conducted between September, 2007 and June, 2008. The group B experiment was 
conducted on 12th,  December,  2007 between 11am and 2pm at the Loughborough 
university weather station compound.
9.5.1.1 Environmental measurement
Environmental  conditions  were  recorded around the subjects.  Air  temperature  and 
humidity were measured using a whirling hygrometer at 1.2m above the ground level. 
Dry and wet bulb temperatures were measured using shielded thermistors placed at 
heights equally spaced at 0.2m, 1.2m and 1.7m. Black globe temperature was placed 
at  the  same  place  as  dry  and  wet  bulb  temperatures  were  measured  in  the  sun. 
Radiation levels were measured using a Kipp and zonen CM11 pyranometer placed at 
1.2m. Air velocity was measured using B&K anemometer and Oregon weather station 
WMR 928 NX placed at 1.2m. Clothing worn was a white cotton short sleeved shirt, a 
white  cotton/polyester  shirt,  a  grey  cotton/polyester  sweat  shirt,  blue  jeans, 
underwear, socks and trainers which provided 1.13clo(see Appendix A). 
9.5.1.2 Physiological measurement
The subject was weighed before and after the ‘exposure’ using Mettler 1D1 Multi-
range Digital Dynamic Scales, and the difference of weights was considered as sweat 
production. Aural temperature was measured during the exposure using thermistors. 
Heart rate was measured using a Polar Sports Tester. Metabolic rate was estimated by 
the equations of ACSM(2006) and ISO8996(see chapter 1).
9.5.1.3 Subjective measurement
A  subjective  questionnaire  was  completed  by  the  subjects  every  ten  minutes 
throughout  the  60  minute  exposure(Figure  2.9  in  Chapter  2).  The  ISO  11-point 
extended  thermal  sensation  scale  was  used(ISO  10551).  Subjects  gave  ratings  of 
thermal  sensation,  comfort,  stickiness,  preference,  pleasantness,  acceptance, 
satisfaction and Borg’s Rate of Perceived Exertion(Borg’s RPE).
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9.5.1.4 Participants
Eight  healthy  males  students  were  involved  in  this  experiment(Table  9.  11).  Ten 
participants were expected to take part in the experiment but two people did not turn 
up on that day. The codes for participants’ data consist of a serial number of each 
participant,  sex(M/F),  the  type  of  experiment(Group:G)  and  the  name  of 
group(A,B,C,D). So 141MGB means a hundred forty first participant in the overall 
database. It was male and took part in a group experiment in group B.
Table 9. 11  Physical characteristic for participants of group B
Subject Age Height(m) Weight(Kg) BSA*(m2) Ethnicity
141MGB 20 1.83 71.0 1.92 Korean
142MGB 20 1.77 67.2 1.83 Korean
143MGB 22 1.79 71.2 1.89 Korean
144MGB 22 1.82 73.7 1.94 White
145MGB 22 1.81 73.7 1.93 White
146MGB 21 1.76 67.1 1.81 Indian
147MGB 20 1.75 79.2 1.94 Indian
148MGB 22 1.79 73.7 1.92 Indian
Mean 21 1.79 72.1 1.9
SD 0.99 0.03 3.95 0.05
*: BSA means Body Surface Area(m2)
9.5.1.5 Procedure
When participants arrived at the place where experiments were to be held, they were 
told  about  details  of  the  experiments,  and  then  they  completed  generic  health 
screening forms. Each participant arrived at the place in five or ten minutes interval, 
and the start  time of each experiment  had five or ten minutes  difference between 
participants.  Their  semi-nude body weight  was  measured.  Aural  thermistors  were 
fitted and heart rate monitors were put on their chest. Their fully clothed body were 
weighed.  Subjects  then  went  outside  and  conducted  a  step  test.  The  participants 
exercised for 60minutes in an open space facing the sun, performing a step test in time 
to a metronome set at a rate of 80bpm on a vertical rise of 100mm(Figure 9. 5). The 
subject was advised to alter the choice of lead foot periodically to avoid unequal leg 
strain. Every minute the subjects’ physiological measurements and the environmental 
parameters were recorded. And a subjective questionnaire was completed every ten 
minutes. At the end of the experiment, subjects’ semi-nude and clothed weights were 
measured.
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Figure 9. 5 Eight participants of group B.
9.5.2 Results
9.5.2.1 Environmental conditions
Every participant had a different  beginning time of the experiment,  and hence the 
environmental  conditions  for  each  participant  were slightly  different.  The  average 
environmental conditions for eight people are shown in Table 9. 12. The difference of 
air  temperature was 1°C and other environmental  conditions also varied.  The data 
were collected at 12th, December, 2007 in Loughborough, U.K. between 11.30am and 
2pm.
Table 9. 12 Mean environmental conditions over 60mins for Group B
Range of average values
Air temperature, ta(ºC) 6.7(0.41)
Mean radiant temperature, tr(ºC) 17.9(5.18)
Air velocity, v(ms-1) 1.1(0.19)
Relative humidity, ø(%) 68.7(1.69)
Solar radiation(Wm-2) 123.4(15.05)
Clothing(clo*) 1.13
Metabolic rate(Wm-2) 159(5.44)
* clo is a unit which gives an estimate of clothing insulation on human body. For example, 0clo is for a nude person, 
1.0clo the insulation of a ‘typical business suit’ etc.
9.5.2.2 Physiological responses
Physiological  data  for  group  B  for  8  males  are  shown  in  Figure  9.  6.  Aural 
temperature between participants was not as different as heart rate between them. It 
had  similar  results  when  the  final  aural  temperature  and  heart  rate  were 
considered(Table  9.  13).  Evaporative  sweat  loss  was  not  much  different  between 
participants  for  one  hour  exercise  except  participants  147MGB  and  148MGB. 
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Therefore,  aural  temperature  and sweat  loss  were  not  generally  different  between 
participants in Group B but heart rate varied. 
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Figure 9. 6 Physiological responses for Group B(8 subjects).
Table 9. 13 Final physiological responses for Group B
Aural temperature(°C) Heart rate(bpm) Sweat evaporated(gh-1)
Average(SD 36.3(0.42) 91(13.9) 80(16.2)
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9.5.2.3 Subjective responses
Subjective responses of group B are shown in Figure 9. 7. Initial and final sensations 
were the same for four out of eight participants(Table 9. 14). The rest of them showed 
that initial sensation was lower than final sensation, and the sensation was towards 
slightly warm or warm. Every participant’s comfort was ‘not uncomfortable’ at the 
beginning except participant 147MGB. Five participants voted same comfort of ‘not 
uncomfortable’ for an hour. In the case of stickiness, just two participants did not 
show the change for an hour, and the rest of them showed various stickiness over an 
hour.  About  the  question  which  was  ‘how  you  would  like  to  be  now’,  most  of 
participants  voted ‘no change’ or warmer than now. In the regard of the question 
which is ‘how you feel now in the thermal environment’, three of participants kept 
voting ‘neither pleasant nor unpleasant’ over an hour. The rest of them showed mixed 
responses, and some of them voted positive and others voted negative. With regard to 
Borg’s rate of perceived exertion(RPE), three participant kept voting same over an 
hour, and the rest of them felt harder as time went by. Six participants considered the 
thermal environment was acceptable and satisfied over an hour and two of them did 
not in one or two points during one hour.
Table 9. 14 Final subjective responses of Group B
Sensation Comfort Stickiness Preference Pleasantness Borg’s RPE
Average(SD) 0.6(0.92) 1.6(0.52) 1.3(0.46) 0.3(0.71) 0(0.53) 8.6(1.92)
Mean value on 
subjective scale
Neutral to 
slightly 
warm
Not 
uncomfortabl
e to slightly 
uncomfortabl
e
Not sticky to 
slightly sticky
No change to 
slightly 
warmer
Neither pleasant 
nor unpleasant
Very light
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Figure 9. 7 Subjective responses for group B(8 subjects).
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9.5.2.4 Analysis of the Predicted mean vote(PMV) index
Three out of eight  participants  for group B showed significant  difference between 
PMV and their actual mean vote(AMV)(p<0.05)(Figure 9. 8). For the calculation of a 
PMV for each subject, individual metabolic rate estimates were used(Table 9. 15). 
Participants 141MGB, 147MGB, and 148MGB had similar values between PMV and 
AMV but  the  rest  of  them was large  different.  Then,  the  initial  AMV and PMV 
seemed to be similar  but the final  AMV and PMV showed larger  difference  than 
initial ones. Actual mean vote was higher than the PMV prediction at final(Table 9.
15). 
Table 9. 15 Initial AMV and PMV and final AMV and PMV for Group B
Subject Metabolic rate(Wm-2) Initial PMV Initial sensation Final PMV Final sensation
141MGB 155 -0.6 -1 -0.6 -1
142MGB 154 -0.7 1 -0.5 1
143MGB 158 -0.6 0 -0.3 2
144MGB 159 -0.5 -1.5 0 1.2
145MGB 160 -0.5 0 0.1 0
146MGB 155 -0.5 -2 -0.1 1
147MGB 171 -0.1 0 -0.2 0.5
148MGB 161 0.3 0 -0.5 0
Mean 159 -0.4 -0.4 -0.3 0.6
SD 5.44 0.32 0.98 0.25 0.92
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Figure 9.  8 AMV and PMV for 8 participants of Group B(note for individual subjects AMV is 
actual mean vote).
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9.6 Group C(Spring)
9.6.1 Method
Group experiments were conducted in each season, and four group experiments were 
conducted between September, 2007 and June, 2008. The group C experiment was 
conducted  on  11th,  March,  2008  between  1pm  and  3pm  at  the  Loughborough 
university weather station compound.
9.6.1.1 Environmental measurement
Environmental  conditions  were  recorded around the subjects.  Air  temperature  and 
relative  humidity  were  measured  using  a  whirling  hygrometer.  Dry and wet  bulb 
temperatures  were  measured  using  shielded  thermistors  placed  at  heights  equally 
spaced at 0.2m, 1.2m and 1.7m. Black globe temperature was placed at the same place 
as where dry and wet bulb temperatures were measured in the sun. Radiation levels 
were  measured  using  a  Kipp  and  zonen  CM11 pyranometer  placed  at  1.2m.  Air 
velocity was measured using B&K anemometer and Oregon weather station WMR 
928 NX placed at  1.2m. Clothing worn was a long sleeved white cotton/polyester 
shirt,  a grey cotton/polyester sweat shirt, blue jeans, underwear, socks and trainers 
which provided 1.07clo.(see Appendix A) 
9.6.1.2 Physiological measurement
The subject was weighed before and after the ‘exposure’ using Mettler 1D1 Multi-
range Digital Dynamic Scales. Aural temperature was measured during the exposure 
using thermistors. Heart rate was measured using a Polar Sports Tester. Metabolic rate 
was estimated by the equations of ACSM(2006) and ISO8996(see chapter 1).
9.6.1.3 Subjective measurement
A  subjective  questionnaire  was  completed  by  the  subjects  every  five  minutes 
throughout  the  60  minute  exposure(Figure  2.9  in  Chapter  2).  The  ISO  11-point 
extended  thermal  sensation  scale  was  used(ISO  10551).  Subjects  gave  ratings  of 
thermal  sensation,  comfort,  stickiness,  preference,  pleasantness,  acceptance, 
satisfaction and Borg’s Rate of Perceived Exertion(Borg’s RPE).
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9.6.1.4 Participants
This study involved 10 healthy male students(Table 9. 16). The codes for participants’ 
data  consist  of  a  serial  number  of   each  participant,  sex(M/F),  the  type  of 
experiment(Group:G)  and  the  name  of  group(A,B,C,D).  So  150MGC  means  a 
hundred fiftieth participant in the overall database.  It was male and took part in a 
group experiment in group C.
.
Table 9. 16 Physical characteristic for participants of Group C
Subject Age Height(m) Weight(Kg) BSA*(m2) Ethnicity
149MGC 22 1.91 81.2 2.09 White
150MGC 23 1.68 75.6 1.85 Chinese
151MGC 22 1.74 79.2 1.94 White
152MGC 22 1.87 75.8 2.00 White
153MGC 25 1.78 78.8 1.96 White
154MGC 26 1.75 65.5 1.79 Indian
155MGC 22 1.85 80.1 2.03 White
156MGC 25 1.81 81.6 2.01 White
157MGC 30 1.76 70.9 1.86 Black
158MGC 25 1.69 64.6 1.74 Indian
Mean 24 1.78 75.3 1.93
SD 2.57 0.076 6.28 0.114
*: BSA means Body Surface Area(m2)
9.6.1.5 Procedure
When participants arrived at the place where experiments were to be held, they were 
told  about  details  of  the  experiments,  and  then  they  completed  generic  health 
screening forms. Each participant arrived at the place in five minutes interval, and the 
start time of each of the experiments had five or ten minutes intervals. Their semi-
nude  body  weights  were  measured.  Aural  thermistors  were  fitted  and  heart  rate 
monitors were put on their chest. Their fully clothed body were weighed. Subjects 
then went outside and conducted a step test. The participants exercised for 60 minutes 
in an open space facing the sun, performing a step test in time to a metronome set at a 
rate of 80bpm on a vertical rise of 100mm(Figure 9. 9). The subject was advised to 
alter the choice of lead foot periodically to avoid unequal leg strain. Every minute the 
subjects’  physiological  measurements  and  the  environmental  parameters  were 
recorded. And a subjective questionnaire was completed every five minutes. At the 
end of the experiment, subjects’ semi-nude and clothed weights were measured.
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Figure 9. 9 Participants of Group C(10 subjects).
9.6.2 Results
9.6.2.1 Environmental conditions
Every participant  had a different  beginning time for the experiment.  This avoided 
queues and allowed a quick set of measurements to be taken for each subject at the 
end of the experiment session. As a consequence the environmental  conditions for 
each  participant  were  slightly  different,  especially  the  radiation.  The  ranges  of 
environmental condition for ten people are presented on Table 9. 17. The range of air 
temperature, wind speed, and relative humidity were narrow but the range of mean 
radiant temperature and solar radiation were wide during the experiment of Group C. 
The data were collected on 11th, March 2008 in Loughborough, U.K. between 1pm 
and 3pm.
Table 9. 17 Mean environmental conditions over 60mins for group C
Range of average values
Air temperature, ta(ºC) 13.7(0.14)
Mean radiant temperature, tr(ºC) 44.2(3.64)
Air velocity, v(ms-1) 2.4(0.11)
Relative humidity, ø(%) 64.5(2.04)
Solar radiation(Wm-2) 434(49.9)
Clothing(clo*) 1.07
Metabolic rate(Wm-2) 164(6.6)
* clo is a unit which gives an estimate of clothing insulation on human body. For example, 0clo is for a nude person, 
1.0clo the insulation of a ‘typical business suit’ etc.
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9.6.2.2 Physiological responses
Physiological data for group C of 10 males are shown in Figure 9. 10 and Table 9. 18. 
All physiological responses seemed to vary depending on participants.  Evaporative 
sweat  loss  was  similar  to  the  half  of  participants  149MGC,  151MGC,  152MGC, 
156MGC, and 158MGC but the rest of them were various. 
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Figure 9. 10 Physiological responses for Group C(10 subjects).
Table 9. 18 Final physiological responses for Group C
156
Aural temperature(°C) Heart rate(bpm) Sweat evaporated(gh-1)
Average(SD 36.6(0.60) 99(18.5) 174.7(33.85)
9.6.2.3 Subjective responses
Subjective  responses  of  group C are  shown in  Figure  9.  11.  The initial  and  final 
sensations were the same for two out of ten participants and just participant 156MGC 
felt cooler than his initial sensation(Table 9. 19). The rest of them showed that initial 
sensation was ‘1’ lower than final sensation, and the sensations were warmer than the 
initial sensation at the end. Every participant’s comfort was ‘not uncomfortable’ at the 
beginning  except  two  participants  and  four  participants  voted  same  ‘not 
uncomfortable’ for an hour. In the case of stickiness, five participants did not show 
the change for an hour, and the rest of them showed various stickiness over an hour. 
With  regards  to  the  question  which  is  ‘how you  would like  to  be now’,  most  of 
participants  except  two participants  voted ‘no change’  or cooler  than now. In the 
regard of the question which is ‘how you feel now in the thermal environment’, three 
of the participants kept voting ‘neither pleasant nor unpleasant’ over an hour. The rest 
of them showed mixed responses, and some people had positive responses and others 
showed negative responses. With regard to Borg’s rate of perceived exertion(RPE), 
every  participant  felt  harder  exercise  later  in  the  experiment.  Eight  participants 
considered that the thermal environment was acceptable and satisfied over an hour 
and one participant felt unacceptable to the thermal environment after 35mins past.
Table 9. 19 Final subjective responses for Group C
Sensation Comfort Stickiness Preference Pleasantness Borg’s RPE
Average(SD) 0.9(1.33) 1.6(0.84) 1.5(0.85) -0.3(1.06) 0.1(0.88) 9.3(2.98)
Mean value on 
subjective scale
Neutral to 
slightly 
warm
Not uncomfortable 
to slightly 
uncomfortable
Not sticky to 
slightly sticky
No change to 
slightly 
cooler
Neither 
pleasant nor 
unpleasant
Very light
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Figure 9. 11 Subjective responses for group C(10 subjects).
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9.6.2.4 Analysis of the Predicted mean vote(PMV) index
Some  points  of  AMV were  similar  to  the  PMV,  but  four  out  of  ten  participants 
showed  no  difference  between  their  AMV  and  PMV(p<0.05)(Figure  9.  12).  The 
difference of the initial PMV and AMV was larger than the difference of final ones. 
The initial AMV was lower than the initial PMV but the final AMV was higher than 
the final PMV(Table 9. 20).
Table 9. 20 Individual metabolic rate, PMV and AMV for Group C
Subject Metabolic rate(Wm-2) Initial PMV Initial sensation Final PMV Final sensation
149MGC 163 1.4 1 1 1.5
150MGC 172 1.5 -1.5 1.2 1
151MGC 171 1 0 0.2 1
152MGC 159 0.9 0 0.3 1
153MGC 168 1.7 0 1 0
154MGC 153 1.2 -1 0.7 0
155MGC 165 0.9 1 0.9 2
156MGC 170 1.2 -1 0.9 -2
157MGC 160 1.3 1 0.4 1
158MGC 156 1.2 2 0.9 3
Mean 164 1.2 0.2 0.7 0.9
SD 6.6 0.28 1.11 0.34 1.33
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Figure 9. 12 AMV and PMV for participants of Group C(10 subjects).
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9.7 Group D(Summer)
9.7.1 Method
Group experiments were conducted in each season, and four group experiments were 
conducted between September, 2007 and June, 2008. The group D experiment was 
conducted on 10th, June, 2008 between 1pm and 3pm at the Loughborough university 
weather station compound.
9.7.1.1 Environmental measurement
Environmental  conditions  were  recorded around the subjects.  Air  temperature  and 
relative  humidity  were  measured  using  a  whirling  hygrometer  at  1.2m above  the 
ground  level.  Dry  and  wet  bulb  temperatures  were  measured  using  shielded 
thermistors placed at heights equally spaced at 0.2m, 1.2m and 1.7m. Black globe 
temperature was placed at the same place as where dry and wet bulb temperatures 
were measured in the sun. Radiation levels were measured using a Kipp and zonen 
CM11  pyranometer  placed  at  1.2m.  Air  velocity  was  measured  using  B&K 
anemometer  and Oregon weather  station  WMR 928 NX placed  at  1.2m.  Clothing 
worn was a white cotton short sleeved shirt, blue jeans, underwear, socks and trainers 
which provided 0.59clo. (see Appendix A)
9.7.1.2 Physiological measurement
The subject was weighed before and after the ‘exposure’ using Mettler 1D1 Multi-
range Digital Dynamic Scales, and the difference of weights was considered as sweat 
production. Aural temperature was measured during the exposure using thermistors. 
Heart rate was measured using a Polar Sports Tester. Metabolic rate was estimated by 
the equations of ACSM(2006) and ISO8996(see chapter 1).
9.7.1.3 Subjective measurement
A  subjective  questionnaire  was  completed  by  the  subjects  every  five  minutes 
throughout  the  60  minute  exposure(Figure  2.9  in  Chapter  2).  The  ISO  11-point 
extended  thermal  sensation  scale  was  used(ISO  10551).  Subjects  gave  ratings  of 
thermal  sensation,  comfort,  stickiness,  preference,  pleasantness,  acceptance, 
satisfaction and Borg’s Rate of Perceived Exertion(Borg’s RPE).
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9.7.1.4 Participants
This study involved 10 males. All subjects were healthy and were in a typical sub-
population which included students or white-collar workers(Table 9. 21). The codes 
for participants’ data consist of a serial number of the participant, sex(M/F), the type 
of experiment(Group:G) and the name of group(A,B,C,D). For example,  160MGD 
means a hundred sixtieth participant in the overall database. It was male and took part 
in a group experiment in group D.
Table 9. 21 Physical characteristic for participants of Group D
Subject Age Height(m) Weight(Kg) BSA*(m2) Ethnicity
159MGD 40 1.73 89.8 2.03 White
160MGD 49 1.59 66.0 1.68 White
161MGD 29 1.71 60.3 1.70 Chinese
162MGD 27 1.74 73.3 1.87 Indian
163MGD 20 1.85 64.4 1.85 White
164MGD 19 1.80 67.6 1.86 White
165MGD 20 1.68 60.4 1.68 Korean
166MGD 25 1.71 65.3 1.76 Korean
167MGD 18 1.69 67.2 1.76 Korean
168MGD 25 1.76 69.7 1.85 White
Mean 27 1.72 68.4 1.80
SD 10.04 0.07 8.48 0.110
*: BSA means Body Surface Area(m2)
9.7.1.5 Procedures
When participants arrived at the place where experiments were to be held, they were 
told  about  details  of  the  experiments,  and  then  they  completed  generic  health 
screening forms. Each participant arrived at the place in five minutes interval, and the 
start  time  of  each  experiments  had  approximately  five  minutes  intervals.  Aural 
thermistors were fitted and heart rate monitors were put on their chest. Their semi-
nude and fully clothed body was weighed. Subjects then went outside and conducted a 
step test. The participants exercised for 60 minutes in an open space facing the sun, 
performing a step test in time to a metronome set at a rate of 80bpm on a vertical rise 
of 100mm(Figure 9.  13).  The subject was advised to alter  the choice of lead foot 
periodically  to  avoid  unequal  leg  strain.  Every  minute  the  subjects’  physiological 
measurements  and  the  environmental  parameters  were  recorded.  A  subjective 
questionnaire  was  completed  every  five  minutes.  At  the  end  of  the  experiment, 
subjects’ semi-nude and clothed weights were measured.
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Figure 9. 13 Participants of Group D (note 10 participants and thermal manikin in the centre).
9.7.1.6 Statistics
A paired t-test was used to investigate differences of environmental and physiological 
results  between  participants.  The  Mann-Whitney  U  analysis  was  used  to  the 
differences in subjective parameters between participants and the Wilcoxon test was 
used to investigate the differences of AMV and the PMV within participants.  The 
total number of pairs were 45 pairs.
9.7.2 Results
9.7.2.1 Environmental conditions
Environmental  conditions are shown in  Table 9. 22. Every participant had slightly 
different  beginning  time of the experiment  but  environmental  conditions  were not 
different(p<0.05). Air temperature, mean radiant temperature and wind speed had no 
difference by a paired t-test.
Table 9. 22 Mean environmental conditions over 60mins
Average(SD)
Air temperature, ta(ºC) 20.8(0.12)
Mean radiant temperature, tr(ºC) 56.6(0.27)
Air velocity, v(ms-1) 1.57(0.05)
Relative humidity, ø(%) 53.8(0.49)
Solar radiation(Wm-2) 876(19.5)
Clothing(clo*) 0.59
Metabolic rate(Wm-2) 159(11.24)
* clo is a unit which gives an estimate of clothing insulation on human body. For example, 0clo is for a nude person, 
1.0clo the insulation of a ‘typical business suit’ etc.
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9.7.2.2 Physiological responses
Physiological data for Group D of 10 males are shown in Figure 9. 14. A paired t-test 
analysis  was  used  as  well  as  the  final  data  was  considered.  In  the  case  of  aural 
temperature,  a paired t-test  results  said just  two out of 45 cases did not show the 
difference  between  participants  and  the  rest  of  them  did(p<0.05)(Table  9.  23). 
However, the final aural temperature seemed to have no difference.  In the case of 
heart rate, a paired t-test results showed 6 out of 45 cases had no difference and the 
rest of them were different(Table 9. 24). However, the half of participants had similar 
final heart rate. Evaporative sweat loss was various between five participants and the 
other half had similar evaporative sweat loss for one hour exercise. Therefore, half of 
the  participants  had  similar  aural  temperature  and  sweat  loss  but  heart  rate  were 
generally different between participants in Group D. However, the final physiological 
responses seem to be less different between participants. 
Table 9. 23 paired t-test for aural temperature between participants for group D
159MGD 160MGD 161MGD 162MGD 163MGD 164MGD 165MGD 166MGD 1670MGD 168MGD
159MGD .
160MGD .
161MGD . N N
162MGD N .
163MGD .
164MGD .
165MGD N .
166MGD .
167MGD .
168MGD .
N means no significant difference and empty cells mean significant difference.
Table 9. 24 paired t-test for heart rate between participants for group D
159MGD 160MGD 161MGD 162MGD 163MGD 164MGD 165MGD 166MGD 1670MGD 168MGD
159MGD . N
160MGD . N N
161MGD .
162MGD . N
163MGD .
164MGD N .
165MGD . N
166MGD N . N
167MGD N N .
168MGD N N .
N means no significant difference and empty cells mean significant difference.
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Table 9. 25 Final physiological responses for Group D
Aural temperature(°C) Heart rate(bpm) Sweat evaporated(gh-1)
Average(SD) 36.6(0.28) 91(8.6) 238(73.4)
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   Figure 9. 14 Physiological responses of Group D(10 subjects).
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9.7.2.3 Subjective responses
Participants  voted  their  thermal  sensation,  comfort,  stickiness,  preference, 
pleasantness,  acceptance,  satisfaction  and  Borg’s  rate  of  perceived  exertion.  The 
results can be shown in Figure 9. 15. Mann-Whitney U analysis was conducted and 
final subjective response were considered(see Appendix D). The results showed that 
more than half  cases of sensation,  comfort,  stickiness, preference and pleasantness 
showed difference.
In the case of sensation, 15 cases out of 45 cases showed no difference and the rest of 
them did. In the case of comfort, 25 cases out of 45 cases had no difference between 
other participants. In the case of stickiness, 17 cases out of  45 cases did not show the 
difference. However, more than half of participants showed same final stickiness. In 
the case of preference, 12 cases out of 45 cases had no difference. However, half of 
participants showed same final preference. In the case of pleasantness, only 7 cases 
out of 45 cases showed no difference with others and final pleasantness were also 
various. In the case of Borg’s RPE, 13 cases out of 45 cases showed no difference. In 
the case of acceptance and satisfaction, all participant except a participant consistently 
voted acceptable and satisfied in the thermal environment in Figure 9. 15. Therefore, 
subjective responses were generally different between participants by Mann-Whitney 
U analysis but final comfort, final stickiness, and final preference seemed to be less 
various(Table 9. 26).
Table 9. 26 Final subjective responses for Group D
Sensation Comfort Stickiness Preference Pleasantness Borg’s RPE
Average(SD) 1.6(0.75) 1.7(0.41) 1.9(0.59) -0.6(0.66) 0(1.16) 8.3(1.58)
Mean values on 
subjective scale
Slightly 
warm to 
warm
Not uncomfortable 
to slightly 
uncomfortable
Not sticky to 
slightly 
sticky
No change to 
slightly cooler
Neither 
pleasant nor 
unpleasant
Very light
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0; acceptable  1; unacceptable
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159MGD 0 0 0 0 0 0 0 0 0 0 0 0 0
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162MGD 0 0 0 0 0 0 0 0 0 0 0 0 0
163MGD 0 0 0 0 0 0 0 0 0 0 0 0 0
164MGD 0 1 1 1 1 1 1 1 1 1 1 1 1
165MGD 0 0 0 0 0 0 0 0 0 0 0 0 0
166MGD 0 0 0 0 0 0 0 0 0 0 0 0 0
167MGD 0 0 0 0 0 0 1 1 1 0 0 0 0
168MGD 0 0 0 0 0 0 0 0 0 0 0 0 0
0; satisfied  1; dissatisfied
Figure 9. 15  Subjective responses of Group D(10 subjects).
9.7.2.4 Analysis of the Predicted mean vote(PMV) index
Six  out  of  ten  participants  showed significant  difference  between  PMV and  their 
AMV(p<0.05). Every participant’s AMV was changed over an hour but PMV was not 
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much changed over an hour as well as both initial and final AMV was lower than both 
initial  and final PMV(Table 9. 27 and  Figure 9. 16). The initial  AMV were much 
lower than the initial PMV but the final AMV was less lower than the final PMV.
Table 9. 27 Individual metabolic rate, PMV and AMV for group D
Subject Metabolic rate(Wm-2) Initial PMV Initial sensation Final PMV Final sensation
159MGD 185 2.7 -1 2.7 2
160MGD 165 2.6 1 2.5 2
161MGD 148 2.2 1 2.3 2
162MGD 164 2.3 -1 2.3 1
163MGD 146 2.1 1 2.0 1
164MGD 153 2.3 1 2.1 3
165MGD 151 2.2 2 2.4 3
166MGD 156 2.2 2 2.7 3
167MGD 160 2.2 -1 2.5 2
168MGD 158 2.5 2 2.4 1
Mean 159 2.3 0.7 2.4 2.0
SD 11.24 0.21 1.25 0.23 0.82
9.8 Analysis of PMV depending on groups
The range of PMV and the relation between PMV and AMV(actual mean vote) are 
shown in  Figure 9. 17. As people were exposed to outdoor weather condition,  the 
PMV calculation and scale was adjusted to include +4 very hot; +5 extremely hot; -4 
very cold and -5 extremely cold. The PMV showed a narrower range than thermal 
sensation  for  all  groups  and  overall  the  PMV  had  a  higher  value  than  thermal 
sensation across groups. Group A had values beyond the PMV scope(Table 9. 5), and 
the scale on the horizontal axis was extended to show all results(Figure 9. 17). The 
result of PMV showed 2.3 ~ 3.7 which means between ‘warm’ and ‘very hot’ for 
60minutes. As mentioned in sections 9.3, 9.5 and 9.6, participants were exposed to 
slightly different environmental conditions, and Group B showed the PMV range of 
-0.7 ~ 0.5 which meant between slightly cool and slightly warm. Group C had the 
PMV range of 0.2 ~ 1.4 which meant between ‘neutral’ and ‘warm’. In the case of 
Group D, the environmental conditions of participants were not significantly different 
but the PMV range was 1.8 ~ 2.9 which meant ‘warm’ and ‘hot’. On the other hand, 
the results  of the actual mean vote(AMV) had wider ranges than the range of the 
PMV values. The range of AMV of Group A was -1 ~ 3.5 which meant between 
‘slightly cool’ toward ‘very hot’. The AMV of Group B was -2.8 ~ 2 which meant 
between ‘cold’ and ‘warm’. The result of AMV of Group C was -2 ~ 3 which meant 
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between ‘cool’ and ‘hot’. Group D showed the range of  -1 ~ 3 which meant between 
‘slightly cool’ and ‘hot’.
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Figure 9. 16 AMV and PMV for participants of Group D(10 subjects).
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Figure 9. 17  Scatter plots of AMV and PMV depending on the group.
9.9 Discussion
In chapter 8 it was found that subjective responses of females seemed to be influenced 
by environmental and physiological responses more than those of males. The results 
of the subjective responses from the group experiments, which consisted of only male 
participants, varied between participants even though they were exposed to similar 
thermal  environments.  The  results  of  Mann-whiney  U  test  showed  the  difference 
between participants. However, when final responses were considered, the individual 
differences  were  generally  smaller.  Therefore,  when one  hour  exposure  occurs,  it 
seems to be reasonable to consider final data points of subjective responses rather 
than the data for an hour.
With regard to the analysis  of the PMV, the environmental  conditions  of all  four 
groups were out of the ranges of the PMV scope, especially wind speed. Furthermore, 
the range of PMV values in group A had to be extended because the mean radiant 
temperature was about 50°C. In addition, wind speeds of Group B, C, and D were 
higher than 1m/s. However, the AMV values varied in each group. Four or five level 
changes typically took place during the 60mins exposure. For example, the AMV of 
group B was -3 to 2 which was cold to warm. The AMV of group C was -2 to 3 which 
was cool to hot. The AMV of group D was distributed over the range of -1~3 which 
meant slightly cool to hot. Roughly speaking, the experiments for groups A and D 
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were  conducted  in  the  hot  weather  of  England  and  participants  put  on  the  same 
clothing. The ranges of AMV for groups A and D were similar but the AMV was 
different from the PMV. The PMV seemed to show larger differences with AMV in 
warm weather conditions. Furthermore, people can feel different between the initial 
point and at the final point under the warm weather conditions, and the initial points 
seem to show the difference larger. This is not surprising as subjects will not have 
reached steady state at the beginning of the experiment. However, the tendency of the 
discrepancy  was  different  depending  on  the  group  and  hence  environmental 
conditions. The PMV for groups A and D could not explain the low thermal sensation 
of below 2 because the PMV belonged to the high end range of AMV. On the other 
hand, the PMV for groups B and C predicted the thermal sensation of 0 and 1 because 
the PMV value was located in the middle of AMV range. So the PMV could not 
predict thermal sensation of below ‘warm’ under warm environmental conditions and 
thermal  sensation  of  above  ‘slightly  warm’  and  below  ‘slightly  cool’  under  cool 
environmental conditions.
The PMV index was developed under indoor environmental conditions, and the PMV 
fluctuated delicately within 2 levels based on the results of group experiments(Kwon 
and Parsons, 2008 and 2009). When the PMV showed the lowest value which was 
around ‘slightly  cool’,  mean radiant  temperature and air  velocity were low. Mean 
radiant temperatures and air velocity outdoors are much higher than those indoors. 
The PMV equation is therefore set up for lower mean radiant temperatures and lower 
wind speeds than those found outdoors. The PMV seems not to be able to explain 
lower than ‘slightly cool’ although participants felt ‘cold’. From the results therefore 
it can be concluded that the PMV tends to be impossible to use as a thermal index 
when people feel lower than slightly cool in outdoor conditions.
9.10 Conclusion
Four groups experiments were conducted involving 38 males. One group experiment 
was conducted in each season, September, December, March, and June. Each group 
was therefore exposed to one of four different  weather conditions.  All four group 
experiments had the same activity and similar activity level. Relative humidity was 
approximately 60% for all four group experiments. 
From the group experiments the following conclusions can be drawn.
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Group A in September, 2007(air temperature : 25°C)
1. All physiological responses between participants were significantly different.
2. Sensation and comfort for two third of participants were similar.
3. The PMV values were higher than the actual thermal sensation.
4. The PMV range was 3(hot) to 4(very hot) but the range of the actual thermal 
sensation was -1(slightly cool) to 3(hot).
Group B in December, 2007(air temperature : approximately 7°C)
5. The PMV values were slightly higher than the actual thermal sensation.
6. The PMV range was -1(slightly cool) to 1(slightly warm) but the range of the 
actual thermal sensation was -3(cold) to 2(warm).
Group C in March, 2008(air temperature : approximately 14°C)
7. The PMV values were similar to the actual thermal sensation.
8. The PMV range was 0(neutral) to 2(warm) but the range of the actual thermal 
sensation was -2(cool) to 3(hot).
Group D in June, 2008(air temperature : approximately 21°C)
9. Aural temperature and heart rate between participants were significantly different 
but sweat loss for the half of participants was similar.
10. Sensation and comfort for more than half of participants were similar.
11. The PMV values were higher than the actual thermal sensation.
12.  The PMV range was 2(warm) to 3(hot) but the range of the actual  thermal 
sensation was -1(slightly cool) to 3(hot).
Overall, the PMV values were higher than the actual thermal sensation for all seasons, 
and the PMV range was -1(slightly cool) to 4(very hot) but the range of the actual 
thermal sensation was -3(cold) to 3(hot).
Chapter 8 presented the results of 65 different male and 65 different female subjects 
who  had  been  exposed  to  outdoor  thermal  conditions  distributed  across  the  four 
seasons of the U.K. year. Chapter 9 provided data of 38 different male subjects in four 
groups.  Each  group  was  investigated  for  a  particular  season.  This  has  provided 
consideration of individual differences to be made as well as a significant contribution 
to the database of human responses to outdoor conditions. The combined database of 
168 separate  subjects  provides  a  substantial  resource that  can be used to  evaluate 
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thermal  indices.  Chapter  10  provides  this  evaluation  with  particular  interest  in 
whether any thermal index is valid for use outdoors and hence over a wide range of 
weather conditions.
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 Chapter 10: Evaluation of thermal indices for use in 
outdoor conditions
10.1 Chapter Summary
Chapters 8 and 9 have presented the responses of 168 individual subjects to a wide 
range  of  weather  condition.  This  chapter  considers  the  relationship  between those 
human responses and thermal indices derived from the measured weather conditions. 
Indices included the WBGT, the PMV, the old wind chill index(WCI/tch), and the new 
wind  chill  index(Twc).  A  range  of  clothing  and  environmental  conditions  was 
investigated.
10.2 Introduction
It is generally accepted that over the last 50 years, in Europe and worldwide, there has 
been an increase in minimum and maximum temperatures, changes in precipitation 
patterns and an increase in the number of extreme events such as heat waves, heavy 
rain and droughts. Heat waves alone account for significant increases in mortality, for 
example, there were well over 20,000 excess deaths across Europe in the 2003 heat 
wave (Bhattacharya, 2003). This has also been reflected across the planet and there is 
a general  requirement  to set up mechanisms;  to warn people of the probability of 
atypical  weather;  to  predict  the  likely  consequences;  and  provide  methods  for 
reducing  damage  to  health.  It  is  a  multi-disciplinary  problem  that  requires  a 
systematic approach. Part of that system involves the use of a valid index to represent 
weather conditions to which people are exposed and predict the physiological strain 
and hence possible health effects on people. 
A system of international standards has been produced over a thirty year period that 
provides  assessment  methods  for  hot,  moderate  and  cold  environments.  In  hot 
environments a simple method based upon the Wet Bulb Globe Temperature (WBGT) 
index provides a method for monitoring and regulating heat stress (ISO 7243). This 
index was originally developed by Yaglou and Minard(1957) to reduce heat casualties 
during the outdoor training of military recruits in the USA. It is expressed with the 
measurement of natural wet-bulb temperature(tnwb), the globe temperature(tg) and dry 
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bulb temperature(ta). In moderate environments thermal comfort is assessed using the 
Predicted  Mean  Vote  (PMV)  and  the  Predicted  Percentage  of  Dissatisfied  (PPD) 
indices (ISO 7730). The PMV is an index which predicts the thermal sensation of 
people based on the seven-point scale(+3 hot, +2 warm, +1 slightly warm, 0 neutral,-1 
slightly  cool,  -2  cool,  -3  cold).  Hodder(2002),  Parsons(2003)  and  Hodder  and 
Parsons(2006) provided a modification to the PMV index to include the direct effects 
of the sun on thermal sensation(PMVsolar). The PMVsolar is a calculation of the PMV 
(excluding direct solar radiation) and increases the PMV values by one sensation scale 
unit for every 200Wm-2 of direct solar radiation on the person. The PMV scale is also 
increased to include +4 very hot; +5 extremely hot; -4 very cold and -5 extremely 
cold. For cold environments ISO 11079 provides a method of calculating the clothing 
insulation required (IREQ) as well as wind chill and equivalent temperatures. Siple 
and Passel(1945) created the Wind Chill Index(WCI). The index is achieved through 
the wind speed and air temperature. It can estimate whether the weather conditions 
have an influence on human comfort and health. The aim of this study was to evaluate 
existing thermal  indices(WBGT, PMV, PMVsolar,  the old wind chill  index(WCI/tch) 
and the new wind chill(Twc)) when applied to predicting the thermal  sensations of 
people outdoors.
10.3 Method
The methods used are described in chapters 8 and 9 and are summarized below.
10.3.1 Environmental measurement
Environmental  conditions  were  recorded around the subjects.  Air  temperature  and 
humidity were measured using a whirling hygrometer. Dry and wet bulb temperatures 
were measured using shielded thermistors placed at heights equally spaced at 0.2m, 
1.2m and 1.7m. Globe temperature was placed at the same place as where dry bulb 
temperature was measured in the sun. Radiation levels were measured using a Kipp 
and zonen CM11 pyranometer placed at 1.2m. Air velocity was measured using B&K 
anemometer  and Oregon weather  station  WMR 928 NX placed  at  1.2m.  Clothing 
worn varied with conditions and was a white cotton short sleeved shirt or a white 
cotton/polyester shirt or a grey cotton/polyester sweat shirt,  blue jeans, underwear, 
socks and trainers.  Clothing set was selected depending on basically air temperature 
as well as wind, clouds cover and the sun. It was selected that 0.59clo was at higher 
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than approximately 20°C, 0.85clo was at approximately 15°C~20°C, 0.96clo was at 
approximately 11°C~15°C, 1.07clo was at approximately 7°C~11°C, and 1.13clo was 
at lower than approximately 6°C and the air temperature was measured just before 
starting an experiment.
10.3.2 Physiological measurement
The subjects were weighed before and after the ‘exposure’ using Mettler 1D1 Multi-
range Digital Dynamic Scales. Skin and aural temperature was measured during the 
exposure using thermistors. The subjects wore aural thermistors on both their ears and 
four  skin  thermistors  were  fitted  to  the  chest,  upper  arm,  thigh  and  shin  on  the 
subjects’ bodies. Heart rate was measured using a Polar Sports Tester(See chapter 2). 
Mean skin temperature was calculated using a four-point method(Ramanathan 1964).
10.3.3 Subjective measurement
A  subjective  questionnaire  was  completed  by  the  subjects  every  five  minutes 
throughout the 60 minute exposure(Figure 2.9 in Chapter 2). The ISO extended 11-
point thermal extended sensation scale was used(ISO 10551). Subjects gave ratings of 
thermal  sensation,  comfort,  stickiness,  preference,  pleasantness,  acceptance, 
satisfaction and Borg’s Rate of Perceived Exertion(RPE).
10.3.4 Participants
This study involves a total of 168 men and women from 18 to 58 years of age(Table 
8.1, Table 9.4, Table 9.11, Table 9.16 and Table 9.21). All subjects were healthy and 
included  students,  housewives  and  white-collar  or  professional  male  and  female 
workers.
10.3.5. Statistics
Pearson  correlation  coefficients  were  calculated  to  test  the  relationship  between 
environment  and  physiological  responses  and  thermal  indices  among  all  168 
participants,  as  well  as  within  only  male  participants  and  within  only  female 
participants.  Spearman rho correlations  were used to  test  the relationship  between 
subjective responses and thermal indices among all 168 participants, as well as within 
male participants and within female participants. Every parameter in each data point 
was correlated using to corresponding data point with the exception of evaporative 
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sweat loss. For evaporative sweat loss, it was correlated with average environmental 
parameters over 60mins as well as the final points of each of the physiological and 
subjective  parameters.  When  correlation  analysis  were  applied  between 
environmental,  physiological  and  subjective  responses  and  thermal  indices,  the 
correlation coefficients  of ‘60mins’ in each table were calculated between average 
values  of  thermal  indices  over  60min  and  the  final  values  of  physiological  and 
subjective parameters.
10.4 Results
10.4.1 Environmental measurements
The range of environmental conditions for 168people are presented in  Table 10. 1. 
The lowest air temperature was -1ºC and the highest one was 25ºC over a year. The 
ranges of all  environmental  conditions  except  solar  radiation were the same those 
presented in Chapter 8(Table 8.2). Solar radiation had a range of 29Wm-2 to 898Wm-2, 
after the results of group experiments were added(Chapter 9). The data were collected 
between July,  2007 to October, 2008 at a latitude 52.47N and a longitude 01.11W 
(Loughborough, UK) between 9am and 5pm.
Table 10. 1 Range of mean environmental conditions over 60mins(n=168)
Range of males (n=103) Range of females (n=65)
Air temperature, ta(ºC) -0.6 ~ 25.2 5.1 ~ 24.9
Mean radiant temperature, tr(ºC) 10.8 ~ 63 9.7 ~ 61.4
Air velocity, v(ms-1) 0.63 ~ 3.08 0.43 ~ 3.64
Relative humidity, ø(%) 48 ~ 96 34 ~ 92
Solar radiation(Wm-2) 29 ~ 898 66 ~ 810
Clothing(clo*) 0.59 ~ 1.13 0.59 ~ 1.13
Metabolic rate(Wm-2) 138 ~ 209 128 ~ 186
* clo is a unit which gives an estimate of clothing insulation on human body. For example, 0clo is for a nude person, 
1.0clo the insulation of a ‘typical business suit’ etc.
10.4.2 Physiological measurements
The range of  physiological  data  are  presented in  Table 10.  2.  The range of  aural 
temperature  was  similar  between  males’  and  females’  but  other  physiological 
parameters’  range, especially skin temperature and total sweat loss, were different. 
Females’  skin  temperature  was  obviously  higher  than  males’  and  the  amount  of 
females’ total sweat loss was more than males’.
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Table 10. 2 Range of final physiological data after 60mins(n=168)
Range of males (n=103) Range of females (n=65)
Aural temperature, tau (ºC) 35.5 ~ 37.9 36.0 ~ 37.8
Skin temperature, tsk (ºC) 25.5 ~ 35.0 27.4 ~ 36.4
Heart rate, HR(bpm) 67 ~ 135 77 ~ 141
Total sweat loss, TSL(g/h) 69 ~ 647 46 ~ 452
10.4.3 Subjective measurements
Participants  voted  their  thermal  sensation,  comfort,  stickiness,  preference, 
pleasantness,  acceptance,  satisfaction and Borg’s scale.  The results  can be seen in 
Table 10. 3. The ranges of preference and Borg’s RPE were larger than the ranges in 
Chapter  8(Table  8.6)  after  the  number  of  participants  for  group experiments  was 
added. It can be seen that over all conditions, most points on the scales were used. For 
example  responses  for  thermal  sensation  ranged  from extremely  cold(-5)  to  very 
hot(4).
Table 10. 3 Final subjective data after 60mins(n=168)(see Figure 2.9 in Chapter 2)
Range of males (n=103) Range of females (n=65)
Thermal sensation -5 ~ 4 -5 ~ 4.1
Comfort 1 ~ 4 1 ~ 4
Stickiness 1 ~ 4 1 ~ 4
Preference* -3 ~ 3 -3 ~ 3
Pleasantness ** -3 ~ 2 -3 ~ 2
Borg’s RPE 6 ~ 16 6 ~ 17
*: +3 much warmer, +2 warmer, +1 slightly warmer, 0 no change, -1 slightly cooler, -2 cooler, -3 much cooler
**:+3 very pleasant, +2 pleasant, +1 slightly pleasant, 0 neither pleasant nor unpleasant, -1 slightly unpleasant, 
-2 unpleasant, -3 very unpleasant
10.4.4 Analysis of climate indices
10.4.4.1  WBGT  as  a  heat  stress  index(Wet  Bulb  Globe 
Temperature)
10.4.4.1.1. Relationship between environmental conditions and WBGT
The correlations  between  environmental  parameters  and  the  values  of  the  climate 
indices are shown in  Table 10. 12. Wet bulb globe temperature showed the highest 
correlation with air temperature and the lowest correlation with air velocity. The order 
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of  the  higher  degree  of  correlation  was  air  temperature,  clothing,  mean  radiant 
temperature, solar radiation, relative humidity and air velocity.
10.4.4.1.2 Relationship between physiological responses and WBGT
The  relationships  between  physiological  parameters  and  wet  bulb  globe 
temperature(WBGT)  among  all  participants,  within  male  participants  and  within 
female  participants  were  observed  divided  by  time  intervals  with  the  analysis  of 
Pearson correlation(Table 10. 4). In the case of ‘60mins’, the relationship between the 
average value of WBGT and final physiological parameters was shown. 
All 168 participants
All physiological responses for all participants were correlated with wet bulb globe 
temperature(WBGT). Evaporative sweat loss had the highest correlation with WBGT 
and  skin  temperature  showed the  second highest  correlation.  In  the  case  of  aural 
temperature,  the correlations  were higher  for the data  which occurred later  in  the 
experiments(30  to  60mins),  and  the  correlation  coefficient  was  more  than 
0.400(p<0.05) for the data after 30min. Heart rate showed similar tendency with aural 
temperature  but  the  relationship  between  heart  rate  and  WBGT  was  very  low. 
However, skin temperature showed similar correlations during 60mins(Figure 10. 1). 
Male participants
All physiological responses for males’ participants were correlated to wet bulb globe 
temperature(WBGT). Evaporative sweat loss had highest correlation with WBGT and 
skin  temperature  showed  the  second  highest  correlation.  In  respect  of  aural 
temperature,  the  correlation  was  higher  for  the  data  which  occurred  later  in  the 
experiments(30  to  60mins),  and  the  correlation  coefficient  was  more  than 
0.400(p<0.01) for the data after 20min. Heart rate showed similar tendency with aural 
temperature  but  the  relationship  between  heart  rate  and  WBGT  was  very  low. 
However, skin temperature had a slightly higher correlation when it was considered as 
the data over 60mins and the correlation between skin temperature and WBGT was 
changed during 60mins. 
Female participants
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All physiological responses for females’ participants tested for correlation with wet 
bulb globe temperature(WBGT). Skin temperature had the highest correlation with 
WBGT and evaporative sweat loss showed the second highest correlation. In the case 
of aural temperature, the correlation was higher for the data which occurred later in 
the  experiments(30  to  60mins),  and  the  correlation  coefficient  was  more  than 
0.500(p<0.01) for the data after  40min.  Skin temperature and heart  rate showed a 
similar tendency with aural temperature but the relationship between heart rate and 
WBGT was low. 
In general,  the correlation coefficients  for all  physiological  parameters  of females, 
except the sweat loss, were higher than those for males’, and males’ physiological 
responses  were  less  sensitive  than  females’  compared  with  WBGT.  Males’ 
evaporative sweat loss showed the highest correlation with WBGT but females’ skin 
temperature was the highest.
Table 10. 4 Significant Pearson correlations(p<0.05) between physiological responses and WBGT 
by time period
Sex
WBGT
10min 20min 30min 40min 50min 60min
Combined data 0 
to 60mins
tau
M+F .369 .397 .412 .424 .431 .415 .316
M .391 .414 .422 .423 .419 .396 .304
F .423 .467 .483 .511 .534 .529 .375
tsk
M+F .627 .620 .620 .623 .628 .594 .631
M .540 .531 .531 .532 .529 .441 .547
F .704 .699 .700 .707 .724 .745 .706
HR
M+F .172 .186 .198 .200 .207 .205 .158
M .180 .188 .191 .181 .179 - .169
F .216 .242 .266 .288 .312 .297 .191
SL
M+F .751
M .793
F .696
M+F means all 168 participants, males and female.         M means males and F means females.
-: there is no significant relationship.
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Figure 10. 1 Scatter plot of WBGT and tsk over 60mins for all 168 participants.
10.4.4.1.3 Relationship between subjective responses and WBGT
Correlation coefficients were calculated between subjective values and wet bulb globe 
temperature(WBGT)  among  all  participants,  within  male  participants  and  within 
female participants. The relationships were observed by minutes with the analysis of 
Spearman correlation.  All significant correlation coefficients were shown in  Figure
10. 5. With regard to ‘60mins’, the relationship between the average value of WBGT 
and final subjective responses was shown. 
All 168 participants
Subjective responses such as sensation, stickiness, preference and Borg’s RPE for all 
participants  were correlated to wet bulb globe temperature(WBGT).  Sensation and 
preference  had the highest  correlation  with  WBGT and stickiness  had the  second 
highest  correlation(p<0.01).  Borg’s RPE showed lower correlation coefficient  than 
subjective parameters above. Comfort, acceptance and satisfaction had low correlation 
with  WBGT  and  pleasantness  had  no  correlation  with  WBGT.  The  correlation 
between subjective responses and WBGT were not much changed as time went by 
during  60mins  unlike  physiological  responses.  However,  most  final  values  of 
subjective responses were the highest.
Male participants
Most subjective responses for male participants were correlated to wet bulb globe 
temperature(WBGT)  except  acceptance  and  satisfaction.  Sensation  and  preference 
showed higher correlation with WBGT(p<0.01). Comfort and Borg’s RPE had low 
correlation  with  WBGT(p<0.01)(Figure  10.  2 and  Figure  10.  3).  The  correlation 
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between subjective responses and WBGT were not much changed during 60mins. 
However, the final value showed the highest correlation.
Female participants
All subjective responses for female participants were correlated to wet bulb globe 
temperature(WBGT) except comfort. Sensation showed the highest relationship with 
WBGT and preference had the second highest correlation. The correlation between 
most subjective parameters and WBGT was slightly changed as time went by, and the 
final value of most subjective parameters had the highest relationship.
In general, sensation, stickiness, and preference of both males and females showed a 
strong  relationship  with  WBGT.  Interestingly,  males’  WBGT  had  positive 
relationship with comfort but females’ had no relationship(Figure 10. 4). So there was 
low correlation between comfort and WBGT for all 168 participants.
Table 10. 5 Significant Spearman correlations(p<0.01) between subjective responses and 
WBGT(For scales see figure 2.9 in chapter 2)
WBGT
10min 20min 30min 40min 50min 60min
Combined data 
0 to 60mins
Sensation
M+F .533 .536 .542 .546 .544 .572 .517
M .538 .537 .542 .549 .569 .592 .520
F .530 .539 .550 .556 .536 .547 .514
Comfort
M+F .083 .106 .116 .120 .103* .156* .063
M .186 .220 .249 .276 .265 .296 .145
F - - - - - - -
Stickiness
M+F .479 .499 .498 .506 .508 .562 .444
M .543 .569 .573 .587 .603 .645 .498
F .392 .403 .399 .406 .384 .441 .365
Preference
M+F -.529 -.527 -.533 -.531 -.537 -.581 -.521
M -.599 -.590 -.586 -.588 -.597 -.652 -.583
F -.430 -.440 -.464 -.470 -.471 -.471 -.429
Pleasantnes
s
M+F - - - - - - -
M -.109 -.132 -.152 -.145 -.156 -.283 -
F .178 .184 .204 .230 .258 - .178
Acceptance
M+F -.120 -.110 -.100 -.105 -.120 - -.127
M - - - - - - -.060*
F -.241 -.250 -.269 -.301 -.352 -.264* -.232
Satisfaction
M+F -.168 -.161 -.152 -.165 -.138 - -.176
M -.090 -.078
*
- - - - -.102
F -.282 -.284 -.298 -.326 -.312 -.273* -.283
Borg’s RPE
M+F .225 .234 .244 .250 .248 .283 .212
M .235 .248 .257 .266 .265 .308 .215
F .251 .251 .260 .266 .264 .285* .245
M+F means all 168 participants.                        M means males and F means females.
*: correlation is significant at the 0.05 level.      -: there is no significant relationship.
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Figure 10. 2 Scatter plot of WBGT and sensation for males(See figure 2.9 in Chapter 2).
Figure 10. 3 Scatter plot of WBGT and comfort for males(1 not uncomfortable; 2 slightly 
uncomfortable; 3 uncomfortable; 4 very uncomfortable).
Figure 10. 4 Scatter plot of WBGT and comfort for females(1 not uncomfortable; 2 slightly 
uncomfortable; 3 uncomfortable; 4 very uncomfortable).
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The correlation coefficients were not that much changed depending on time periods. 
The combination of air temperature, humidity and radiant temperature consistently 
had an influence on subjective responses for 60 minutes because WBGT consisted of 
the three parameters. Interestingly, the three parameters have the characteristic which 
is to have little change for 60minutes. Air temperature and humidity are not changed 
much and the responding time of black globe temperature is slow.
10.4.4.2 PMV as a thermal stress index for outdoor thermal 
environments
10.4.4.2.1 Relationship between environmental conditions and PMV
The correlations  between  environmental  parameters  and  the  values  of  the  climate 
indices are shown in  Table 10. 12. Predicted mean vote(PMV) showed the highest 
correlation with air temperature and the lowest correlation with air velocity. The order 
of  high  correlation  was air  temperature,  mean  radiant  temperature,  clothing,  solar 
radiation, relative humidity and air velocity. It should be noted that in the calculation 
of  PMV  estimates  of  individual  metabolic  rates  were  used,  taking  account  of 
individual weight and body surface area.
10.4.4.2.2 Relationship between physiological responses and PMV
The relationships between physiological parameters and predicted mean vote(PMV) 
among all participants, within male participants and within female participants were 
observed by time intervals with the analysis of Pearson correlation(Table 10. 6). In 
the case of ‘60mins’, the relationships between the average value of PMV and final 
physiological parameters are shown. 
All physiological responses for all participants were correlated with Predicted Mean 
Vote(PMV). Evaporative sweat loss had the highest correlation with PMV and mean 
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skin temperature showed the second highest correlation(Figure 10. 5 and Figure 10.
6). The correlations between all physiological responses such as aural temperature, 
skin temperature, and heart rate and PMV were higher for the data which occurred 
later in the experiments(30 to 60mins) and the correlation coefficient increased for the 
data after 30min.  However, the correlation coefficient of skin temperature was not 
changed as much as the change of aural temperature’s and heart rate’s over 60mins. 
Skin temperature seemed to be sensitive to the environmental conditions. 
Figure 10. 5 Scatter plot of PMV and evaporative sweat loss for all 168 participants.
Figure 10. 6 Scatter plot of PMV and mean skin temperature for all 168 participants over 
60mins.
All  physiological  responses  for  male  participants  were  correlated  to  the  Predicted 
mean vote(PMV). Evaporative sweat loss had the highest correlation with PMV and 
skin  temperature  showed  the  second  highest  correlation.  The  correlation  between 
physiological responses and PMV was higher for the data which occurred later in the 
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experiments(30 to 60mins) and the correlation coefficient increased for the data after 
20min. However, final aural temperature showed a low relationship after 30mins and 
final skin temperature showed the lowest relationship. Because final skin temperature 
had a strong correlation with the average PMV over 60mins, and it seemed to have a 
lower relationship at 60min. Skin temperature was not changed as much as the change 
of the correlation coefficient of aural temperature and heart rate over 60mins.
All  physiological  responses  for  females’  participants  were  correlated  to  Predicted 
mean vote(PMV). Mean skin temperature had the highest correlation with PMV and 
evaporative  sweat  loss  showed  the  second  highest  correlation.  The  correlation 
between physiological parameters and PMV was higher for the data which occurred 
later  in  the  experiments(40  to  60mins)  and  the  correlation  coefficient  increased 
gradually  during 60mins.  However,  the correlation  coefficient  of skin temperature 
was not much changed over 60mins. 
In general, the correlation coefficient for every physiological parameters of females 
except  the sweat  loss was higher than males’,  and males’  physiological  responses 
were less sensitive than females’ correlated with PMV. Males’ evaporative sweat loss 
showed the  highest  correlation  with  PMV but  females’  skin  temperature  was  the 
highest(Figure 10. 6). However, the correlation coefficient of skin temperature and 
evaporative sweat loss for males showed a large difference but ones for females were 
not much different.
Table 10. 6 Significant Pearson correlations(p<0.01) between physiological responses and PMV
PMV
10min 20min 30min 40min 50min 60min
Combined data 0 
to 60mins
tau
M+F .318 .357 .380 .401 .417 .419 .249
M .350 .387 .404 .415 .423 .410 .268
F .426 .465 .483 .504 .534 .566 .364
tsk
M+F .648 .648 .650 .661 .666 .595 .638
M .578 .583 .591 .602 .607 .462 .568
F .714 .709 .705 .719 .727 .740 .704
HR
M+F .120 .130 .143 .154 .164 .202 .106
M .114 .119 .124 .127 .142* .225* .101
F .229 .244 .266 .286 .297 .295* .200
SL
M+F .835
M .860
F .804
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M+F means all 168 participants.                   M means males and F means females.
*: correlation is significant at 0.05level.
10.4.4.2.3 Relationship between subjective responses and PMV
The  relationships  between  subjective  responses  and  Predicted  mean  vote(PMV) 
among all participants, within male participants and within female participants were 
observed  over  all  time  intervals  with  the  analysis  of  Spearman  correlation.  All 
significant(p<0.01) correlation coefficients are shown in Table 10. 7. The correlation 
coefficients were calculated between subjective values and PMV values. With regard 
to ‘60mins’,  the relationship between the average value of PMV over 60mins and 
final subjective responses was shown. 
Subjective responses such as sensation, stickiness, preference and Borg’s RPE for all 
participants were consistently correlated with Predicted mean vote(PMV) observed by 
time periods.  Sensation,  stickiness and preference had the highest  correlation with 
PMV(p<0.01).  Borg’s  RPE  showed  lower  correlation  coefficients  than  subjective 
parameters above. Comfort, pleasantness, acceptance and satisfaction had low or no 
correlation with the PMV value. The correlation between subjective responses and 
PMV did not  change much during 60mins  unlike physiological  responses  but  the 
final(at  60mins)  correlation  coefficients  of  sensation,  stickiness,  preference  and 
Borg’s RPE were the highest.
Most  subjective  responses  for  male  participants  had  significant  relationships  with 
Predicted mean vote(PMV) except acceptance and satisfaction. Stickiness, preference 
and sensation had high correlation with PMV in that order. Comfort, pleasantness and 
Borg’s RPE had low correlation with PMV. The correlation between subjective values 
and  PMV  values  were  much  changed  over  60mins,  and  the  final  values  clearly 
showed the highest correlation.
Correlation coefficients were calculated between subjective values and PMV values. 
All  subjective responses for female participants were correlated to Predicted mean 
vote except for comfort.  Sensation showed the highest relationship with PMV and 
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then  stickiness  and preference  had the second highest  correlation.  The correlation 
between most of the subjective parameters and PMV increased as time went by, and 
the final value of most subjective parameters had the highest relationship.
In general, sensation, stickiness, and preference for both males and females showed 
the  highest  relationship  with  the  PMV  value.  Interestingly,  males’  PMV  had  a 
relationship  with  comfort  but  females’  showed no  relationship.  So  there  was low 
correlation  between  the  comfort  votes  and  PMV  value  for  all  participants.  Final 
values of sensation, stickiness, preference and Borg’s RPE for males and females had 
highest correlation coefficients.
Table 10. 7 Spearman correlations between subjective responses and PMV
PMV
10min 20min 30min 40min 50min 60min
Combined data 
0 to 60mins
Sensation
M+F .486 .491 .195 .512 .516 .549 .470
M .475 .480 .481 .501 .530 .571 .458
F .500 .506 .518 .536 .508 .533 .483
Comfort
M+F .080 .104 .113 .111 -.103
*
- .060*
M .165 .201 .224 .245 .253 .295 .126
F - - - - - - -
Stickiness
M+F .444 .463 .461 .473 .479 .547 .412
M .489 .506 .502 .519 .544 .623 .449
F .382 .401 .406 .414 .397 .449 .360
Preference
M+F -.454 -.455 -.452 -.458 -.470 -.536 -.451
M -.516 -.512 -.498 -.513 -.536 -.617 -.504
F -.359 -.368 -.386 -.388 -.383 -.432 -.368
Pleasantness
M+F - - - - - - -
M -.110 -.135 -.150 -.138 -.148
*
-.239* -
F .185 .184 .191 .210 .233 .262* .180
Acceptance
M+F -.060* - - - - - -.069
M - - .091* - - - -
F -.208 -.224 -.240 -.283 -.356 -.266* -.197
Satisfaction
M+F -.119 -.112 -.105 -.125 -.098
*
- -.128
M - - - - - - -.070*
F -.205 -.208 -.228 -.270 -.272 -.295* -.211
Borg’s RPE
M+F .174 .188 .197 .214 .210 .253 .170
M .206 .224 .229 .241 .241 .284 .189
F .194 .188 .202 .223 .223 .249* .203
M+F means all 168 participants.                      M means males and F means females.
*: correlation is significant at the 0.05 level.   -: there is no significant relationship.
The PMV equation has been developed with basic six environmental parameters as 
well as physiological responses, and the steady state conditions of participants were 
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considered. So final thermal sensation had the highest correlation coefficient than for 
other time periods. 
10.4.4.3 Wind chill  index as a thermal stress index for outdoor 
thermal environments
10.4.4.3.1  Relationship  between  environmental  conditions  and  the  old 
wind chill index(WCI/tch)
An equation of the wind chill temperature(WCI/tch) index was derived to estimate 
the rate of cooling of exposed skin:
.//)33)(45.1010( 2 hmcalkgtvvWCI a ⋅−−+=                                             
)33)(45.1010(16.1 atvvWCI −−+= Wm-2                                                    
Where WCI = wind chill factor (cooling rate) Wm-2
v = wind velocity  m/s
ta = air temperature °C
The chilling temperature (tch) is the temperature of calm conditions(v=1.8ms-1) which 
would produce same influence as the actual environment(i.e. same WCI value). The 
Chilling temperature(tch)  is calculated from the following equations:
CWCItch °−= 22
33                                                                                                   
Or from the SI version with WCI in Wm-2
CWCItch °−= 5.25
33                                                                                                  
The  correlations  between  environmental  parameters  and  the  values  of  the  climate 
indices  are  shown in  Table  10.  8.  The  old  wind chill  index(WCI/tch)  showed the 
highest  correlation  with  air  temperature  and  the  lowest  correlation  with  relative 
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humidity. The order of high correlation was air temperature, clothing, mean radiant 
temperature, air velocity, solar radiation and relative humidity.
10.4.4.3.2 Relationship between physiological responses and WCI/tch
The  relationships  between  physiological  parameters  and  the  old  wind  chill 
index(WCI/tch)  among  all  participants,  within  male  participants  and within  female 
participants were observed by time intervals with the analysis of Pearson correlation. 
In the case of ‘60mins’, the relationship between the average value of tch and final 
physiological parameters was shown in Table 10. 8. 
All physiological responses for all participants were correlated to the old wind chill 
index(WCI as represented by tch). Evaporative sweat loss had the highest correlation 
with tch and skin temperature showed the second highest correlation(Figure 10. 7 and 
Figure  10.  8).  The  correlation  between  all  physiological  responses  such  as  aural 
temperature, skin temperature, and heart rate and tch was higher for the data which 
occurred  later  in  the  experiments(40  to  60mins)  and  the  correlation  coefficient 
dramatically increased for the data after 40mins. However, skin temperature was not 
changed as much as the change of aural  temperature’s and heart rate’s  correlation 
coefficient as time went by.  
All physiological responses for male participants were correlated to the old wind chill 
index(WCI/ tch).  Evaporative sweat loss had the highest correlation with PMV and 
aural  temperature  showed the  second highest  correlation.  The  correlation  between 
physiological  responses  and  tch had  a  tendency  to  be  higher  for  the  data  which 
occurred later in the experiments(40 to 60mins). However, the correlation coefficient 
of aural temperature was the highest with the data after 40mins and the correlation 
coefficient of skin temperature was lower from time to time during 60mins(Figure 10.
9). Interestingly,  the final  relationship between skin temperature and tch was lower 
than others. The correlation between males’ skin temperature and tch changed over 
60mins.
All physiological responses for female participants were correlated to the old wind 
chill  index(WCI/  tch).  Skin  temperature  had  the  highest  correlation  with  tch and 
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evaporative  sweat  loss  showed  the  second  highest  correlation.  The  correlation 
between physiological parameters and tch was higher for the data which occurred late 
in the experiments and the correlation coefficient increased gradually during 60mins.
In general, the correlation coefficient for every physiological parameters of females 
except  the  sweat  loss  was  higher  than  that  of  males’,  and  males’  physiological 
responses showed generally lower correlating with tch than females’(Figure 10. 9 to 
Figure 10. 10). Males’ evaporative sweat loss showed the highest correlation with tch 
but skin temperature was the highest  for females.  It  is interesting to note that  the 
correlation coefficients of skin temperature and evaporative sweat loss for males were 
very different but the ones for females were not much different(Table 10. 8).
Table 10. 8 Pearson correlations between physiological responses and tch
tch
10min 20min 30min 40min 50min 60min
Combined data 
0 to 60mins
tau
M+F .370 .396 .407 .424 .428 .448 .312
M .406 .429 .432 .436 .429 .425 .336
F .422 .458 .473 .501 .515 .577 .365
tsk
M+F .523 .521 .523 .535 .543 .549 .517
M .417 .412 .416 .415 .417 .374 .418
F .612 .613 .614 .639 .655 .714 .599
HR
M+F .126 .137 .144 .169 .190 .215 .115
M .100 .104 .104 .121* .154 .205* .097
F .221 .245 .261 .294 .305 .306* .187
SL
M+F .732
M .783
F .683
M+F means all 168 participants.
M means males and F means females.
*: correlation is significant at the 0.05 level.   
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Figure 10. 7 Scatter plot of tch and evaporative sweat loss for all 168 participants.
Figure 10. 8 Scatter plot of tch and tsk for all participants(n=168).
Figure 10. 9 Scatter plot of tch and tsk over 60mins for males(n=103).
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Figure 10. 10 Scatter plot of tch and final skin temperature for females(n=65).
10.4.4.3.3 Relationship between subjective responses and the old wind 
chill index(WCI/tch)
Correlation coefficients were calculated between subjective values and the old wind 
chill index values. The relationships between subjective responses and the old wind 
chill  index(WCI/tch)  among  all  participants,  within  male  participants  and  within 
female  participants  were  observed  for  each  time  interval  using  the  Spearman 
correlation. All significant correlation coefficients are shown in Table 10. 9. For the 
responses  at  ‘60mins’,  the  relationship  between  the  average  value  of  chilling 
temperature(tch) and final subjective responses are shown. 
Subjective responses such as sensation, stickiness, preference and Borg’s RPE for all 
168 participants were correlated with the old wind chill  index(WCI/tch).  Sensation, 
stickiness and preference had the highest correlation with tch but Borg’s RPE showed a 
lower correlation coefficient than the other subjective parameters(p<0.01)(Figure 10.
11). Comfort, pleasantness, acceptance and satisfaction had low or no correlation with 
tch. The correlation coefficients for sensation, stickiness, and preference changed over 
60mins, and the final correlation coefficients were the highest.
Most  subjective  responses  for  male  participants  were  correlated  to  tch except  for 
acceptance and satisfaction. Preference, stickiness and sensation had high correlation 
with tch in that order. Comfort, pleasantness and Borg’s RPE had low correlation with 
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tch. The correlation between subjective responses and tch were changed over 60mins, 
and the final values clearly showed the highest correlation(Figure 10. 12).
All  subjective  responses  for  females’  participants  were  correlated  with  chilling 
temperature(tch) except for comfort. Sensation showed the highest relationship with tch 
and preference and stickiness had the second highest correlation(Figure 10. 13). The 
correlation  between  most  subjective  parameters  and  tch increased  by  about  0.1 
between the start and the end of the experiment. The final value of most subjective 
parameters had the strongest correlation.
In general, sensation, stickiness, and preference for males and females both showed a 
strong relationship with tch. Interestingly,  males’ tch had a relationship with comfort 
but females’ showed low relationship. Final values of sensation for males and females 
had highest correlation coefficients. The difference between final values and values 
over 60mins for males was about 0.1, and for females about 0.12.
Table 10. 9 Spearman correlations between subjective responses and tch
tch
10min 20min 30min 40min 50min 60min
Combined data 
0 to 60mins
Sensation
M+F .506 .518 .528 .538 .537 .591 .487
M .517 .528 .535 .546 .547 .588 .498
F .483 .496 .511 .523 .516 .582 .463
Comfort
M+F .093 .120 .132 .128 .122* - .065*
M .211 .246 .273 .280 .261 .286 .169
F - - - - - - -.087*
Stickiness
M+F .464 .484 .482 .500 .512 .563 .434
M .525 .542 .542 .560 .566 .629 .492
F .368 .392 .390 .411 .435 .471 .341
Preference
M+F -.486 -.490 -.499 -.510 -.505 -.571 -.476
M -.561 -.560 -.558 -.565 -.556 -.637 -.543
F -.368 -.379 -.409 -.430 -.430 -.474 -.371
Pleasantness
M+F - - - - - - -
M -.143 -.169 -.196 -.186 -.181 -.277 -.102
F .183 .183 .189 .205 .192* - .181
Acceptance
M+F -.067* -.063* - - - - -.073
M - - - - - - -
F -.177 -.192 -.209 -.244 -.286 -.265* -.166
Satisfaction M+F -.135 -.129 -.126 -.149 -.122* - -.140
M - - - - - - -
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F -.260 -.260 -.278 -.312 -.297 -.286* -.258
Borg’s RPE
M+F .224 .223 .227 .235 .244 .293 .215
M .233 .233 .239 .251 .259 .300 .219
F .235 .234 .235 .237 .252 .304* .234
M+F means all 168 participants.                         M means males and F means females.
*: correlation is significant at the 0.05 level.      -: there is no significant relationship.
Figure 10. 11 Scatter plot of tch and final sensation for all 168 participants(see Fig.2.9 in 
Chapter2).
Figure 10. 12 Scatter plot of tch and final sensation for male participants(see Fig.2.9 in Chapter2).
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Figure 10. 13 Scatter plot of tch and final sensation for females(see Fig.2.9 in Chapter 2).
10.4.4.3.4  Relationship  between environmental  conditions  and the  new 
wind chill index(Twc)
Several corrections occurred to the new wind chill index(Twc) being compared with 
the old wind chill index. Wind speed was corrected to a height, 1.5m and heat loss 
theory from the body to its surroundings was contained. In addition, a walking speed 
of 1.3m/s was used. However, the assumption of situation was clear night sky. It is an 
index of human sensation and not a measure of temperature.
16.016.0 3965.037.116215.012.13 TVVTTwc +−+=                                      (1.32)
Where Twc = Wind Chill Index °C
T is the air temperature in C°  and V the wind speed in km h-1 at 10m elevation
The correlations  between  environmental  parameters  and  the  values  of  the  climate 
indices are shown in Table 10. 12. The new wind chill index(Twc) showed the highest 
correlation with air temperature and the lowest correlation with wind speed. The order 
of  high  correlation  was air  temperature,  clothing,  mean  radiant  temperature,  solar 
radiation, relative humidity, and wind speed.
10.4.4.3.5  Relationship  between  physiological  responses  and  the  new 
wind chill index(Twc)
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The relationships between physiological parameters and the new wind chill index(Twc) 
among all participants, within male participants and within female participants were 
observed by time intervals with the analysis of Pearson correlation(Table 10. 10). In 
the  case  of  ‘60mins’,  the relationship  between the  average  value of  Twc and  final 
physiological parameters is shown. 
All physiological responses for all participants were correlated to the new wind chill 
index(Twc).  Evaporative  sweat  loss  had  the  highest  correlation  with  Twc and  skin 
temperature  showed the second highest  correlation.  The  correlation  between aural 
temperature and Twc was higher for the data which occurred later in the experiments 
and  the  correlation  coefficient  increased  gradually  during  60mins.  However, 
correlations with skin temperature and not change as much as they changed with aural 
temperature and heart rate over time.
All physiological responses for male participants were correlated with the new wind 
chill index(Twc). Evaporative sweat loss had the highest correlation with Twc and skin 
temperature  showed  the  second  highest  correlation.  However,  the  correlation 
coefficient of aural temperature and heart rate was higher as time went by but the 
correlation coefficient of skin temperature fluctuated during the 60mins. Interestingly, 
correlation coefficients for the final value of skin temperature were lower than that for 
skin temperatures at other time. The correlation between males’ skin temperature and 
Twc changed irregularly over the 60mins.
All physiological responses for female participants were correlated to the new wind 
chill index(Twc). Skin temperature had the highest correlation with Twc and evaporative 
sweat  loss  showed  the  second  highest  correlation.  The  correlation  between 
physiological parameters and Twc had a tendency to be higher for data recorded later in 
the experiments and the correlation coefficient increased gradually during the 60mins.
In  general,  the  correlation  coefficient  for  all  physiological  parameters  of  females 
except for sweat loss was higher than that for males. Males’ evaporative sweat loss 
showed  the  highest  correlation  with  Twc but  females’  skin  temperature  was  the 
highest(Figure  10.  14 and  Figure  10.  15).  However,  the  correlation  coefficient 
between that for skin temperature and that for evaporative sweat loss for males were 
very different but those for females were not much different.
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Figure 10. 14 Scatter plot of Twc and evaporative sweat loss for males.
Figure 10. 15 Scatter plot of Twc and final skin temperature for females.
Table 10. 10 Pearson correlations between physiological responses and Twc
Twc
10min 20min 30min 40min 50min 60min
Combined data 
0 to 60mins
tau
M+F .370 .401 .411 .425 .427 .427 .307
M .388 .419 .423 .425 .416 .399 .313
F .425 .462 .474 .502 .519 .544 .369
tsk
M+F .562 .558 .557 .567 .575 .566 .559
M .467 .459 .457 .460 .463 .406 .471
F .641 .639 .640 .658 .675 .719 .632
HR
M+F .134 .146 .155 .171 .189 .213 .120
M .101 .106 .108* .118* .145 .201* .094
F .224 .248 .266 .294 .304 .286 .186
SL
M+F .748
M .799
F .702
M+F means all 168 participants.                                 M means males and F means females.
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*: correlation is significant at 0.05 level.
10.4.4.3.6 Relationship between subjective responses and Twc
Correlation coefficients were calculated between subjective values and the new wind 
chill index values. The relationships between subjective responses and the new wind 
chill  index(Twc) among all participants,  within male participants and within female 
participants  were  observed  for  each  time  interval  with  the  analysis  of  Spearman 
correlation.  All  significant  correlation  coefficients  are  shown in  Table  10.  11.  In 
respect  of  ‘60mins’,  the  relationship  between  the  average  value  of  Twc and  final 
subjective responses are shown. 
Subjective responses such as sensation, stickiness, preference and Borg’s RPE for all 
participants  were  correlated  with  the  values  of  the  new  wind  chill  index(Twc). 
Sensation,  stickiness and preference had the highest  correlation with  Twc (p<0.01). 
Borg’s RPE showed lower correlation  than subjective  parameters  above.  Comfort, 
acceptance and satisfaction had low correlation values with Twc but pleasantness had 
no relationship.  The correlation  between subjective  responses and  Twc was similar 
changed over 60mins  but  the final  correlation  coefficients  of subjective responses 
were the highest(Figure 10. 16).
Most subjective responses for male participants were correlated to the new wind chill 
index(Twc)  except  acceptance and satisfaction.  Stickiness,  preference and sensation 
had high correlation with Twc in that order. Comfort, pleasantness and Borg’s RPE had 
low correlation with Twc. The correlation between most subjective parameters and Twc 
were similar over 60mins except sensation, pleasantness and Borg’s RPE. However, 
the final values clearly showed the highest correlation.
All subjective responses for female participants were correlated to the new wind chill 
index(Twc) except comfort.  Sensation showed the highest relationship with  Twc and 
preference and stickiness had the second highest correlation. The correlation between 
most subjective parameters and  Twc was changed by about 0.05 over the 60minutes 
and the correlation coefficients for sensation, stickiness, and preference were changed 
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by  about  0.1.  So  the  final  value  of  most  subjective  parameters  had  the  highest 
relationship.
In general, sensation, stickiness, and preference for males and females both showed a 
strong relationship with Twc. Interestingly, males’ Twc had a relationship with comfort 
but females’ showed no relationship. So there was low correlation between comfort 
and  Twc for all participants. Final values of sensation for males and females had the 
highest correlation coefficients. 
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Table 10. 11 Spearman correlations between subjective responses and Twc
Twc
10min 20min 30min 40min 50min 60min
Combined data 
0 to 60mins
Sensation
M+F .503 .513 .523 .530 .531 .565 .488
M .534 .540 .548 .553 .565 .577 .517
F .456 .467 .485 .504 .492 .543 .441
Comfort
M+F .095 .119 .131 .127 .113* - .068
M .217 .253 .279 .286 .271 .293 .175
F -.087* - - - - - -.094
Stickiness
M+F .474 .495 .494 .509 .519 .560 .443
M .549 .570 .572 .585 .600 .644 .512
F .353 .375 .375 .392 .400 .434 .330
Preference
M+F -.484 -.487 -.494 -.499 -.502 -.559 -.477
M -.582 -.579 -.574 -.578 -.582 -.633 -.567
F -.334 -.345 -.375 -.396 -.395 -.445 -.341
Pleasantness
M+F - - - - - - -
M -.146 -.175 -.203 -.187 -.194 -.266 -.100
F .216 .221 .228 .242 .248 .255* .208
Acceptance
M+F -.068* -.064* - - - - -.075
M - - - - - - -
F -.211 -.232 -.244 -.270 -.306 -.272* -.197
Satisfaction
M+F -.137 -.131 -.127 -.145 -.121* - -.141
M - - - - - - -
F -.278 -.282 -.300 -.323 -.308 -.282* -.273
Borg’s RPE
M+F .229 .235 .240 248 .256 .295 .218
M .242 .251 .259 .269 .281 .306 .224
F .233 .233 .237 .244 .255 .307* .234
M+F means all 168 participants.                       M means males and F means females.
*: correlation is significant at the 0.05 level.    -: there is no significant relationship.
Figure 10. 16 Scatter plot of Twc and final sensation for all 168 participants.
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Subjective responses are clearly influenced by the thermal environment. However, the 
correlation coefficients for the data over 60mins are lower than others. So subjective 
responses at the beginning of the experiment just after being exposed to the thermal 
environment seem not to be reflected by the environment at that moment. This is also 
true for physiological responses when being exposed to the new thermal environment. 
Therefore, not to consider initial subjective responses in the overall assessment may 
have provided more valid correlation.
10.5 Comparison of thermal indices
10.5.1 Comparison among thermal indices by environmental 
conditions
The relationship between thermal indices and environmental parameters is shown in 
Table 10. 12. Air temperature showed the highest correlation with thermal indices, 
clothing had the second highest correlation,  and mean radiant temperature was the 
third highest correlation with thermal indices(except for PMV) when the correlation 
for  all  participants  was  considered.  However,  the  degree  of  correlation  for  solar 
radiation, air velocity and relative humidity was different depending up on thermal 
index. The index which showed the highest correlation with air temperature(ta) was 
the new wind chill index(Twc) and the index which showed the lowest correlation with 
ta was  PMV.  The  index  showing  the  highest  correlation  with  mean  radiant 
temperature(tr)  was PMV and tch showed the lowest  correlation with mean radiant 
temperature.  With  regard  to  wind speed,  tch had the  highest  correlation  and PMV 
showed the  lowest  one.  The  correlation  of  air  velocity  to  WBGT and  PMV was 
negligible.  The  predicted  mean  vote(PMV)  showed  the  highest  relationship  with 
relative humidity and the old wind chill index(tch) had the lowest relationship. In the 
case of solar radiation, the PMV had the highest correlation and tch had the lowest 
correlation. WBGT had the highest correlation with clothing and the lowest one was 
PMV.
The old wind chill index(tch) and the new wind chill index(Twc) both were well related 
to air temperature but tch showed a lower correlation with air temperature than  Twc. 
The oval shape of Twc in a scatter plot is much narrower than the one of tch (Figure 10.
17). 
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Similar results were obtained when male and female responses were correlated with 
thermal index values(Table 10. 12). However, clothing of males showed the highest 
correlation with  Twc but for females the highest  correlation was with WBGT. The 
difference  between males  and females  were  not  large  except  for  wind speed and 
relative humidity. So generally speaking, it can be considered that the correlation with 
environmental conditions for males and females were not much different except for 
air velocity. However, air velocity has high fluctuation due to its own characteristic, 
as is mentioned earlier in chapter 7 and chapter 8. 
Table 10. 12 Correlation between mean environmental conditions and thermal indices over 
60mins
WBGT PMV tch Twc
ta
M+F .975 .889 .937 .994
M .979 .897 .943 .995
F .967 .885 .935 .993
tr
M+F .721 .804 .484 .605
M .730 .813 .486 .617
F .711 .802 .486 .587
v
M+F -.196 -.193 -.517 -.302
M -.151 -.118 -.467 -.252
F -.262 -.296 -.579 -.370
rh
M+F -.330 -.484 -.265 -.365
M -.397 -.542 -.304 -.404
F -257 -.460 -.240 -.328
SR
M+F .552 .655 .412 .493
M .539 .656 .408 .495
F .585 .656 .421 .488
clo
M+F -.903 -.759 -.873 -.899
M -.899 -.749 -.891 -.907
F -.912 -.784 -.847 -.887
M+F means all 168 participants.               M means males and F means females.
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Figure 10. 17 Scatter plot of air temperature, tch, and Twc over 60mins for all 168 participants. 
10.5.2 Comparison among thermal indices by physiological 
responses
As mentioned above in this chapter, aural temperature and mean skin temperature had 
higher  correlation  with  thermal  indices  for  each  time  interval  than  the  data  over 
60mins. In the case of heart rate and evaporative sweat loss, final values were the 
highest. The correlations between physiological parameters and thermal indices over 
60mins, after 40mins and final results are shown in Table 10. 13. 
The relationships  between physiological  parameters  and thermal indices among all 
168  participants,  within  male  participants  and  within  female  participants  were 
observed  with  the  analysis  of  Pearson correlation.  In  the  case  of  ‘final’(i.e.  after 
60minutes of exposure), the relationship between the average value of each thermal 
index or each environmental parameter and final heart rate and evaporative sweat loss 
were  shown.  When  compared  between  the  data  over  60mins  and  the  data  after 
40mins, the physiological responses after 40mins generally showed higher correlation 
with environmental parameters and thermal indices.
All 168 participants
All  physiological  responses  over  60mins,  after  40min  and  final  values  for  all 
participants were correlated with thermal indices and environmental parameters(Table
10. 13). Evaporative sweat loss had the highest correlation with thermal indices and 
environmental  parameters  except  mean  radiant  temperature,  humidity  and  solar 
radiation. Skin temperature was the highest one with mean radiant temperature. Heart 
rate had the lowest correlation with thermal indices and all environmental parameters.
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Table 10. 13 Comparison between physiological parameters and thermal indices by time period
Sex tau tsk HR SL
Over 
60mins
After 
40mins
Over 
60mins
After 
40mins
Over 
60mins
final final
tr
M+F .175 .302 .684 .701 .119 .161* .580
M .169 .283 .637 .665 .126 - .617
F .201 .350 .727 .731 .112 - .594
ta
M+F .294 .417 .571 .573 .111 .209 .748
M .300 .414 .479 .471 .095 .198* .799
F .355 .496 .641 .660 .165 .275* .702
v
M+F -.136 -.145 -.084 -.066 -.047 - -.260
M -.185 -.139 - - -.034 - -.235
F -.173 -.255 -.184 -.183 -.145 -.246* -.253*
rh
M+F -.132 -.145 -.444 -.472 -.060* - -.329
M - - -.444 -.493 .068* - -.375
F -.150 -.168 -.441 -.434 -.120 - -.450
SR
M+F .122 .247 .598 .614 .039 - .427
M .110 .214 .560 .595 - - .409
F .156 .328 .632 .630 .065 - .561
clo
M+F -.331 -.427 -.480 -.472 -.091 - -.659
M -.355 -.441 -.335 -.282 -.109 -.109 -.698
F -.347 -.468 -.610 -.647 -.090 - -.635
WBGT
M+F .316 .424 .631 .623 .158 .205 .751
M .332 .423 .547 .532 .169 - .793
F .375 .511 .706 .707 .191 .297* .696
PMV
M+F .249 .401 .638 .661 .106 .202 .835
M .268 .415 .568 .602 .101 .225* .860
F .364 .504 .704 .719 .200 .295* .804
WCI/tch
M+F .312 .424 .517 .535 .115 .215 .732
M .336 .436 .418 .415 .097 .205* .783
F .365 .501 .599 .639 .187 .306* .683
Twc
M+F .307 .425 .559 .567 .120 .213 .748
M .313 .425 .471 .460 .094 .201* .799
F .369 .502 .632 .658 .186 .286* .702
M+F means all 168 participants.                    M means males and F means females.
*: correlation is significant at 0.05 level.
Aural temperature
Clothing  out  of  all  thermal  indices  and environmental  parameters  had the highest 
correlation with aural temperature for the data over 60mins of all participants. The 
lowest one was solar radiation. All thermal indices showed higher correlation with 
aural  temperature than most of single environmental  parameters.  WBGT out of all 
indices had the highest correlation with aural temperature. 
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Clothing out of all thermal indices and environmental parameters was the highest with 
aural temperature for the data after 40mins for all participants. The lowest ones were 
the  correlation  of  wind  speed  and  relative  humidity.  All  thermal  indices  showed 
higher  correlation  with  aural  temperature  than  most  of  the  single  environmental 
parameters.  All  thermal  indices  showed  almost  the  same  correlation  with  aural 
temperature. 
The  ranking  out  of  thermal  indices  and  environmental  parameters  was  similar 
between the results over 60mins and after 40mins for aural temperature. However, the 
correlation coefficients after 40mins was more than 0.1 higher than ones over 60mins 
for thermal indices.
Mean skin temperature
Mean radiant  temperature out of all  thermal indices and environmental  parameters 
showed the highest correlations with mean skin temperature for the data over 60min 
for all participants. The lowest one was wind speed. PMV out of all indices had the 
highest correlation with skin temperature and the lowest one was WCI/tch out of four 
thermal indices.
Mean radiant  temperature out of all  thermal indices and environmental  parameters 
was the highest with skin temperature for the data after 40min of all participants. The 
lowest one was wind speed. PMV out of all indices had the highest correlation with 
skin temperature and the lowest one was WCI/tch out of four thermal indices. 
The ranking out of thermal indices and environmental parameter was similar between 
the  results  over  60mins  and  after  40mins  for  skin  temperature.  Furthermore,  the 
correlation coefficients of over 60mins and after 40mins was not much different and 
some of the correlation coefficients of the result after 40mins was lower than one over 
60mins.
Heart rate and sweat loss
Heart  rate  over  60mins  and  final  heart  rate  had  low correlation  with  all  thermal 
indices and environmental parameters.
PMV out of all thermal indices and environmental parameters was the highest with 
evaporative  sweat  loss  for  all  participants.  The  lowest  one  was  air  velocity.  All 
thermal  indices  showed  higher  correlation  with  evaporative  sweat  loss  than  most 
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single  environmental  parameters.  WCI/tch out  of  all  indices  had lowest  correlation 
with evaporative sweat loss. 
Male participants
All physiological responses over 60mins and after 40mins for male participants were 
correlated with thermal indices and environmental parameters. Evaporative sweat loss 
had the highest correlation with thermal indices and environmental parameters except 
for mean radiant temperature, relative humidity and solar radiation. Skin temperature 
was  the  highest  one  with  mean  radiant  temperature.  Heart  rate  had  the  lowest 
correlation with thermal indices and all environmental parameters.
Aural temperature
Clothing out of all thermal indices and environmental parameters showed the highest 
correlation  with aural  temperature  for  the data  over  60mins  for male  participants. 
Relative humidity showed no relationship with aural temperature. All thermal indices 
showed  a  higher  correlation  with  aural  temperature  than  most  of  the  single 
environmental parameters. WCI/tch out of all indices had the highest correlation with 
aural temperature. 
Clothing out of all thermal indices and environmental parameters showed the highest 
correlation  with  aural  temperature  for  the  data  after  40min  for  male  participants. 
There was very low correlation with relative humidity.  All thermal indices showed 
higher correlation with aural temperature than did most of the single environmental 
parameters. WCI/tch out of all indices had highest correlation with aural temperature. 
The  ranking  out  of  thermal  indices  and  environmental  parameters  was  similar 
between the results over 60mins and after 40mins for aural temperature. However, the 
correlation coefficients after 40mins was more than 0.1 higher than ones over 60mins 
for thermal indices.
Mean skin temperature
Mean radiant  temperature out of all  thermal indices and environmental  parameters 
showed the highest correlation with skin temperature for the data over 60min for male 
participants. Wind speed showed no relationship. PMV out of all indices showed the 
highest correlation with skin temperature and the lowest one was WCI/tch out of the 
four thermal indices.
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Mean radiant temperature of all thermal indices and environmental parameters had the 
highest correlation with skin temperature for the data after 40min of male participants. 
There was no correlation with wind speed. PMV out of four thermal indices showed 
the highest correlation with skin temperature and WBGT had the second correlation 
with skin temperature and the lowest one was WCI/tch.(Table 10. 13). The ranking out 
of thermal indices and environmental parameters was similar between the results over 
60mins  and  after  40mins  for  skin  temperature.  Furthermore,  the  correlation 
coefficients of the results over 60mins and after 40mins was not much different.
Heart rate and sweat loss
Heart rate over 60mins and final heart rate had low or no correlation with all thermal 
indices and environmental parameters.
PMV  out  of  all  thermal  indices  and  environmental  parameters  had  the  highest 
correlation  with  evaporative  sweat  loss  for  male  participants.  Twc had  the  second 
highest  correlation.  The  lowest  one  was  air  velocity.  All  thermal  indices  showed 
higher  correlation  with  evaporative  sweat  loss  than  most  single  environmental 
parameters. WCI/tch out of all indices had lowest correlation with evaporative sweat 
loss. 
Female participants
All  physiological  responses  over  60mins  and after  40mins  for  female  participants 
were  correlated  with  thermal  indices  and  environmental  parameters.  Evaporative 
sweat loss had the highest correlation with most of thermal indices and environmental 
parameters except for mean radiant temperature,  solar radiation,  and WBGT. With 
regard to those three parameters,  skin temperature  showed the highest  correlation. 
Heart  rate  had  the  lowest  correlation  with  thermal  indices  and  all  environmental 
parameters.
Aural temperature
WBGT  out  of  all  thermal  indices  and  environmental  parameters  had  the  highest 
correlation with aural  temperature for the data over 60min for female participants. 
Relative humidity showed the lowest relationship with aural temperature. All thermal 
indices  showed higher  correlation  with  aural  temperature  than  most  of  the  single 
environmental parameters. WBGT out of all indices had the highest correlation with 
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aural  temperature  but  all  thermal  indices  showed  similar  correlation  with  aural 
temperature. 
WBGT  out  of  all  thermal  indices  and  environmental  parameters  had  the  highest 
correlation  with  aural  temperature  also  for  the  data  after  40mins  for  female 
participants. The lowest ones were the correlation with relative humidity. All thermal 
indices  showed higher  correlation  with  aural  temperature  than  most  of  the  single 
environmental parameters. WBGT out of all indices had the highest correlation with 
aural  temperature but all  thermal  indices showed almost the same correlation with 
aural temperature. 
The ranking out  of thermal  indices  and the environmental  parameters  was similar 
between the results over 60mins and after 40mins for aural temperature. However, the 
correlation coefficients after 40mins were about 0.15 higher than ones over 60mins 
for thermal indices.
Skin temperature
WBGT  out  of  all  thermal  indices  and  environmental  parameters  had  the  highest 
correlation with skin temperature for the data over 60mins for female participants. 
Wind speed showed a low relationship.  WBGT out of all  indices  had the highest 
correlation with skin temperature and the lowest one was WCI/tch out of four thermal 
indices.  PMV of all  thermal indices and environmental  parameters had the highest 
correlation with skin temperature for the data after 40min of female participants. The 
lowest  one  was  wind  speed.  PMV  out  of  four  thermal  indices  showed  highest 
correlation with skin temperature and WBGT had the second correlation with skin 
temperature and the lowest one was WCI/tch. 
The  ranking  out  of  thermal  indices  and  environmental  parameters  was  similar 
between the results over 60mins and after 40mins for skin temperature. Furthermore, 
the correlation coefficients of over 60mins and after 40mins was not much different. 
When  the  results  after  40mins  were  selected,  the  unusual  data  points(red  circles) 
before 40mins can be removed(Figure 10. 18 and Figure 10. 19). The ‘oval’ shape for 
the results after 40mins was narrower than the one over 60mins.
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Over 60mins After 40mins
Figure 10. 18 Scatter plots of skin temperature, WBGT, and PMV over 60mins and after 40mins.
Over 60mins After 40mins
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Figure 10. 19 Scatter plots of skin temperature, tch, and Twc over 60mins and after 40mins.
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Heart rate and sweat loss
Heart  rate  over  60mins  and  final  heart  rate  had  low correlation  with  all  thermal 
indices. PMV out of all thermal indices and environmental parameters was the highest 
with evaporative sweat loss for female participants. Twc and air temperature had the 
second  highest  correlation.  The  lowest  one  was  air  velocity.  All  thermal  indices 
showed  higher  correlation  with  evaporative  sweat  loss  than  most  of  single 
environmental parameters. WCI/tch out of all indices had the lowest correlation with 
evaporative sweat loss. The data of evaporative sweat loss for PMV was less widely 
distributed in the range of environments than other indices(Figure 10. 20).
For male participants For female participants
M stands for males and F stands for females
Figure 10. 20 Scatter plots of evaporative sweat loss, WBGT, PMV, tch, and Twc.
In general,  the correlation coefficient for most physiological parameters of females 
was higher than for males. In regard of all participants, male participants and female 
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participants,  WBGT,  PMV, WCI/tch and  Twc had  a  similar  relationship  with  aural 
temperature but the correlation coefficient of females was the highest. In respect to 
mean skin temperature,  PMV and WBGT were the indices  which had the highest 
correlation  and  WCI/tch was  the  one  which  had  the  lowest  correlation  for  all 
participants,  male  participants  and female  participants  in  common.  With regard to 
evaporative sweat loss, PMV was also the index which had the highest correlation and 
WCI/tch was also the one which had the lowest correlation for all participants, male 
participants and female participants in common. So it can be concluded that PMV out 
of all indices can reflect physiological responses.
10.5.3 Comparison among thermal indices by subjective 
responses
As mentioned above in this chapter,  final  sensation value had a higher correlation 
with thermal  indices  than the data  over 60mins.  So the correlations  between final 
subjective parameters and thermal indices over 60mins were shown in Table 10. 14. 
The  relationships  between  subjective  parameters  and  thermal  indices  among  all 
participants, within male participants and within female participants were observed 
with the analysis of Spearman correlation. When the final results were compared with 
the results over 60mins and the final data(at 60mins), the final ones generally showed 
the higher correlation with environmental parameters and thermal indices. 
Correlation  coefficients  were  calculated  among subjective  values,  thermal  indices’ 
values  and environmental  parameters.  Most  subjective  responses  over  60mins  and 
final  values  for  all  168  participants  were  correlated  with  thermal  indices  and 
environmental parameters. Sensation had the highest correlation with thermal indices 
and  environmental  parameters,  preference  and  stickiness  also  showed  high 
correlations.  However,  comfort,  pleasantness,  acceptance,  satisfaction  and  Borg’s 
RPE had low or no correlation with thermal indices and all environmental parameters.
All 168 participants
WBGT  out  of  all  thermal  indices  and  environmental  parameters  had  the  highest 
correlation with thermal sensation for the data over 60mins of all participants. The 
lowest one was relative humidity. All thermal indices showed higher correlation with 
sensation than all  single environmental  parameters  and all  thermal  indices showed 
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similar  correlation with sensation.  tch out of all  thermal  indices and environmental 
parameters was the highest with final sensation for all participants. Relative humidity 
had no relationship with final sensation. All thermal indices showed higher correlation 
with sensation than all single environmental parameters and thermal indices showed 
almost the same correlation with sensation. The ranking out of thermal indices and 
other  environmental  parameters  was  not  much  different  between  the  results  over 
60mins  and  final  results  for  sensation.  Furthermore,  the  correlation  coefficients 
between the results  over  60mins  and final  results  was  slightly  different,  and final 
correlation  coefficients  were  higher  than  those  over  60mins  except  that  of  solar 
radiation.
Comfort over 60mins and final one had low or no correlation with all thermal indices 
and  environmental  parameters.  Air  temperature,  clothing  and  all  thermal  indices 
showed a relationship with comfort.
WBGT out of all thermal indices and environmental parameters were the highest with 
preference  over  60mins  for  all  participants.  There  is  no relationship  with  relative 
humidity.  All thermal indices showed higher correlation with preference than most 
single environmental parameters. WBGT and WCI/tch out of all thermal indices and 
environmental  parameters  had the highest  correlation  with preference for the final 
results of all participants but relative humidity had no relationship. All thermal indices 
and  air  temperature  showed  high  correlation  with  preference  than  most  single 
environmental parameters. 
Male participants
Most subjective responses over 60mins and final values for male participants were 
correlated  with  thermal  indices  and  environmental  parameters(Table  10.  14). 
Sensation  and  preference  had  the  highest  correlation  with  thermal  indices  and 
environmental parameters. 
WBGT  out  of  all  thermal  indices  and  environmental  parameters  had  the  highest 
correlation with thermal sensation for the data over 60min of male participants. The 
lowest one was air velocity. All thermal indices and air temperature showed higher 
correlation with thermal sensation than all single environmental parameters. However, 
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all  thermal  indices  had  similar  correlation  coefficients  with  sensation  with  a 
correlation coefficient of around 0.5. 
WBGT  out  of  all  thermal  indices  and  environmental  parameters  had  the  highest 
correlation  with  final  sensation  for  male  participants.  Relative  humidity  had  no 
relationship with sensation. All thermal indices and air temperature showed higher 
correlation with sensation than other single environmental parameters. PMV out of all 
indices  had  the  lowest  correlation  with  sensation  but  all  thermal  indices  showed 
almost the relationship with thermal sensation. The ranking out of thermal indices and 
environmental parameter was not much different between the results over 60mins and 
final results for sensation. In addition, the correlation coefficients between the results 
over 60mins and final results were not much different.
Comfort over 60mins and the final reading at 60mins, had low correlation with all 
thermal  indices,  clothing and air  temperature,  and correlation coefficients  for final 
values were higher than values over 60mins.
WBGT  out  of  all  thermal  indices  and  environmental  parameters  had  the  highest 
correlation with preference over 60mins for male participants. The lowest one was 
relative humidity. All thermal indices and air temperature showed a higher correlation 
with preference than most single environmental parameters. 
WBGT  out  of  all  thermal  indices  and  environmental  parameters  had  the  highest 
correlation with preference for the final results of male participants. The lowest one 
was  relative  humidity.  All  thermal  indices  and  air  temperature  showed  a  higher 
correlation with preference than most single environmental parameters. 
Female participants
Most subjective responses over 60mins and final values for female participants were 
correlated  with  thermal  indices  and  environmental  parameters.  Sensation  had  the 
highest correlation with thermal indices and environmental parameters and comfort, 
had low correlation with thermal indices and all environmental parameters.
WBGT  out  of  all  thermal  indices  and  environmental  parameters  had  the  highest 
correlation with sensation for the data over 60min for female participants. Relative 
humidity  had  no  relationship.  All  thermal  indices  showed higher  correlation  with 
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sensation  than  all  single  environmental  parameters.  However,  all  thermal  indices 
showed similar correlation with sensation. 
tch out of all thermal indices and environmental parameters had the highest correlation 
with final  sensation for female participants.  Relative  humidity  had no relationship 
with sensation. All thermal indices showed higher correlation with sensation than all 
single environmental parameters. PMV out of all indices had the lowest correlation 
with sensation but all thermal indices showed almost same correlation with sensation. 
The  ranking  out  of  thermal  indices  and  environmental  parameters  was  not  much 
different between the results over 60mins and final results for sensation. In addition, 
the  correlation  coefficients  between the  results  over  60mins  and final  results  was 
about 0.05 different.
Comfort over 60mins had low correlation with some of environmental parameters and 
thermal  indices  but  the  final  data  had  no correlation  with  all  thermal  indices  and 
environmental parameters for female participants.
WBGT  out  of  all  thermal  indices  and  environmental  parameters  had  the  highest 
correlation with preference over 60mins for female participants. The lowest one was 
relative humidity. 
In general, the correlation coefficients for preference of males were higher than those 
for females but the correlation coefficients for final sensation of males and females 
was inconsistent(Table 10. 14). In regard of all participants and female participants, tch 
had the highest  relationship  with final  sensation and WBGT for  male  participants 
showed the highest relationship with final sensation. With regard to final preference, 
WBGT was the index which had the highest correlation for all 168 participants and 
male participants and WCI/tch was the one which had the highest correlation for all 
participants and female participants. If the ranking of each factor is considered, the 
data  point  does not  make the result  changed.  However,  final  subjective responses 
should be considered for finding out the degree of correlation. 
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Table 10. 14 Correlation between subjective parameters and thermal indices by time periods
Sex Sensation Comfort Preference
Over60 final Over60 final Over60 final
tr
M+F .363 .406 - - -.344 -.407
M .347 .454 - - -.388 -.505
F .386 .371 - - -.248 -.290*
ta
M+F .478 .555 .067 - -.469 -.551
M .519 .586 .174 .307 -.568 -.641
F .423 .518 -.092* - -.326 -.429
v
M+F -.183 -.267 - - .157 .222
M -.122 -.227* - - .119 .210*
F -.253 -.334 .111 - .206 -
rh
M+F -.060 - - - - -
M -.125 - - - .097 -
F - - - - -.086* -
SR
M+F .322 .287 - - -.308 -.300
M .323 .314 - - -.327 -.361
F .326 .281* - - -.277 -
Clo
M+F -.423 -.495 -.069 - .445 .533
M -.433 -.523 -.162 -.272 .497 .594
F -.418 -.474 .071* - .379 .455
WBGT
M+F .517 .572 .063 .156* -.521 -.581
M .520 .592 .145 .296 -.583 -.652
F .514 .547 - - -.429 -.471
PMV
M+F .470 .549 .060* - -.451 -.536
M .458 .571 .126 .295 -.504 -.617
F .483 .533 - - -.368 -.432
tch
M+F .487 .591 .065* - -.476 -.571
M .498 .588 .169 .286 -.543 -.637
F .463 .582 -.087* - -.371 -.474
Twc
M+F .488 .565 .068 - -.477 -.559
M .517 .577 .175 .293 -.567 -.633
F .441 .543 -.094* - -.341 -.445
M+F means all 168 participants.                       M means males and F means females.
*: correlation is significant at the 0.05 level.    -: there is no significant relationship.
WBGT showed the narrowest environmental ranges over all range of sensation and tch 
and Twc had wider ranges than WBGT(Figure 10. 21). Twc was higher than WCI/tch and 
WBGT at 4 and 5 on the sensation scale which meant very hot and extremely hot. Twc 
showed the most  wide environmental  ranges in 0 and -1 of sensation point which 
meant neutral and slightly cool than WCI/tch. Twc was lower than WCI/tch at -3 and -4 
of  sensation  which  meant  cold  and  very  cold.  PMV  looked  like  the  narrowest 
range(Figure 10. 21). 
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Figure 10. 21 Scatter plots of sensation, WBGT, PMV, WCI/tch, and Twc over 60mins for all 
participants(see figure 2.9 in chapter 2).
10.6 Correlation of thermal indices and other by 
clothing(for warm, moderate and cool conditions)
As  mentioned  earlier  in  this  chapter,  the  ranking  was  not  much  changed  for 
considering the results over 60min and after 40mins or for final results. Therefore, 
every parameter over 60mins for all participants was considered for the correlation 
between thermal indices and environmental parameters, between thermal indices and 
physiological  parameters,  and  between  thermal  indices  and  subjective  parameters. 
Thermal indices could be able to predict human responses differently depending on 
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thermal environments. The relationship between thermal indices and other parameters 
was  analysed  depending  on  the  thermal  environments.  0.59clo  stands  for  warm 
environmental  condition,  0.85clo  and  0.96clo  stand  for  moderate  environmental 
condition and 1.07clo and 1.13clo stand for cool condition.
10.6.1 Comparison of thermal indices with environmental 
conditions by clothing
The relationships between environmental parameters and four thermal indices among 
all participants were observed by the amount of clothing with the analysis of Pearson 
correlation(Table 10. 15). 
Various  results  for  the  thermal  indices  were  shown  by  clothing  which  meant 
environmental  conditions.  When people wore the clothing of 0.59clo which meant 
warm environmental condition, the highest correlation coefficient for thermal indices 
was different depending on environmental parameters. In respect of the mean radiant 
temperature, PMV showed the highest correlation and WBGT was the second highest 
one. Twc had the highest correlation with air temperature and WCI/tch was the second 
one. With regard to wind speed, WCI/tch obviously showed higher correlation than 
other thermal indices. PMV had the highest relationship with relative humidity and 
Twc was the second one. PMV showed the highest correlation with solar radiation but 
the correlation coefficient of WCI/tch with solar radiation was the lowest compared 
with other thermal indices with other environmental parameter.
When  people  wore  the  clothing  of  0.85clo  and  0.96clo  which  meant  moderate 
environmental conditions, the highest correlation coefficient for thermal indices was 
different  depending  on  environmental  parameters.  In  respect  of  the  mean  radiant 
temperature, PMV showed the highest correlation and WBGT was the second highest 
one. Twc had the highest correlation with air temperature and WBGT had the second 
highest. With regard to wind speed, WCI/tch obviously showed higher correlation than 
other thermal indices. PMV had the highest relationship with relative humidity and 
solar radiation. 
When  people  wore  the  clothing  of  1.07clo  and  1.13clo  which  meant  cool 
environmental condition, the highest correlation coefficient for thermal indices was 
different  depending  on  environmental  parameters.  In  respect  of  the  mean  radiant 
temperature, PMV showed the highest correlation and WBGT was the second highest 
one. Twc had the highest correlation with air temperature and WBGT was the second 
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one.  With regard to wind speed, WCI/tch obviously showed the highest correlation 
than other thermal indices. Twc had the highest relationship with relative humidity. 
PMV showed the highest  correlation  with solar radiation and the second one was 
WBGT. 
WBGT and PMV showed high correlation with the mean radiant temperature under 
all  three  categories  which  were  warm,  moderate,  and  cool  environments  and  the 
correlation  was  the  highest  in  cool  environmental  condition.  Twc had  the  highest 
correlation  with  air  temperature  under  all  three  categories  for  environmental 
conditions.  Wind  speed  had  the  clearly  highest  relationship  with  WCI/tch.  PMV 
showed  the  highest  correlation  with  relative  humidity  in  all  three  environmental 
conditions  but  every  indices  had  low  correlation  with  relative  humidity  in  cool 
environment.  PMV showed the highest  correlation with solar radiation in all  three 
weather conditions. Especially, solar radiation showed much higher correlation with 
thermal indices in cool environmental condition.
Table 10. 15 Correlation for environmental conditions and thermal indices by clothing
tr ta v rh SR
0.59clo(warm)
WBGT 0.497 0.864 -0.130 -0.316 0.240
PMV 0.683 0.820 - -0.541 0.456
WCI/tch - 0.882 -0.514 -0.241 .099*
Twc 0.305 0.992 -0.187 -0.396 0.235
0.85clo + 
0.96clo(moderate)
WBGT 0.484 0.891 -0.062 -0.197 0.345
PMV 0.756 0.700 - -0.477 0.583
WCI/tch - 0.798 -0.573 -.099* -
Twc 0.241 0.979 -0.180 -0.288 0.184
1.07clo + 
1.13clo(cool)
WBGT 0.738 0.940 0.267 -0.145 0.616
PMV 0.795 0.727 - -0.160 0.630
WCI/tch 0.132 0.623 -0.544 - 0.171
Twc 0.464 0.963 - -0.203 0.396
*: correlation is significant at 0.05 level.           -: there is no significant relationship.
10.6.2 Comparison of thermal indices with physiological 
responses by clothing
The relationships between physiological parameters and four thermal indices among 
all participants were observed by the amount of clothing with the analysis of Pearson 
correlation(Table 10. 16). Evaporative sweat production(SL) was correlated with the 
average thermal indices over 60mins. 
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When  people  wore  the  clothing  of  0.59clo  which  meant  warm  environmental 
conditions,  the  highest  correlation  coefficient  for  thermal  indices  was  different 
depending on physiological parameters. In respect of aural temperature, Twc showed 
the highest correlation but all thermal indices showed similar correlation with aural 
temperature. WBGT had the highest correlation with skin temperature and PMV was 
the next highest. With regard to heart rate, Twc showed a higher correlation than other 
thermal indices. PMV had the highest relationship with evaporative sweat loss but all 
thermal  indices  had  similar  correlation  with  evaporative  sweat  loss.  All  thermal 
indices  showed the highest  correlation with evaporative sweat loss compared with 
other physiological parameters and the second correlation with skin temperature.
When  people  wore  the  clothing  of  0.85clo  and  0.96clo  which  meant  moderate 
environmental condition, the highest correlation coefficient for thermal indices was 
different  depending on environmental  parameters.  In  respect  of  aural  temperature, 
only Twc showed a relationship but the correlation coefficient was small. PMV showed 
the highest correlation with skin temperature and WBGT was the second one. With 
regard to heart rate, Twc showed higher correlation than other thermal indices but all 
correlation coefficients were low (below 0.2). PMV had the highest relationship with 
evaporative  sweat  loss.  All  thermal  indices  showed  the  highest  correlation  with 
evaporative sweat loss compared with other physiological parameters.
When  people  wore  the  clothing  of  1.07clo  and  1.13clo  (cool  environmental 
conditions),  the  highest  correlation  coefficient  for  thermal  indices  was  different 
depending on environmental parameters. In respect of aural temperature, all thermal 
indices showed low or no correlation. WBGT had the highest correlation with skin 
temperature and PMV the second one. With regard to heart rate, all indices showed 
low or no correlation with other thermal indices. PMV showed the highest correlation 
with  evaporative  sweat  loss  and the  second one was WBGT.  All  thermal  indices 
showed the highest correlation with evaporative sweat loss when compared with other 
physiological parameters.
Aural temperature showed low or no correlation with four thermal indices, and the 
correlation under warm condition was higher than moderate and cool environmental 
conditions. 
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WBGT and  PMV showed  high  correlation  with  skin  temperature  under  all  three 
categories which were warm, moderate,  and cool environments and the correlation 
was the highest in warm environmental conditions. 
Heart rate had low or no correlation with the four thermal indices, and the correlation 
under  warm  environmental  conditions  was  higher  than  other  environmental 
conditions.
PMV had the highest correlation with evaporative sweat production under all three 
categories for environmental  conditions and the correlation in warm environmental 
condition was the highest. 
Table 10. 16 Correlation for physiological responses and thermal indices by clothing
tau tsk HR
SL(with avg indices 
over 60mins)
0.59clo
WBGT 0.276 0.648 0.270 0.748
PMV 0.215 0.646 0.308 0.785
WCI/tch 0.264 0.522 0.318 0.750
Twc 0.288 0.595 0.361 0.766
0.85clo 
+ 
0.96clo
WBGT - 0.465 0.170 0.540
PMV - 0.475 - 0.662
WCI/tch - 0.203 0.178 0.455
Twc 0.102 0.289 0.200 0.481
1.07clo 
+ 
1.13clo
WBGT -0.143 0.452 0.162 0.575
PMV -0.164 0.409 0.141 0.694
WCI/tch - 0.289 - 0.445
Twc -0.145 0.371 - 0.518
-: there is no significant relationship.
10.6.3 Comparison of thermal indices with subjective 
responses by clothing
Correlation  coefficients  were  calculated  between  subjective  values  and  thermal 
indices  values.  The  relationships  between  subjective  parameters  and  four  thermal 
indices  among  all  participants  were  observed by the  amount  of  clothing  with  the 
analysis of Spearman correlation. All significant correlation coefficients were shown 
in Table 10. 17. Various results for the thermal indices were shown by clothing which 
meant environmental conditions.
When  people  wore  the  clothing  of  0.59clo  which  meant  warm  environmental 
condition, Twc  had the highest correlation coefficients with all subjective responses. 
When  people  wore  the  clothing  of  0.85clo  and  0.96  which  meant  moderate 
environmental condition, the highest correlation coefficient for thermal indices was 
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different depending on subjective parameters. WBGT had the highest correlation with 
sensation, stickiness and preference. All thermal indices showed low or no correlation 
with  comfort,  pleasantness,  acceptance  and  satisfaction.  Twc had  the  highest 
relationship with Borg’s RPE. All thermal indices showed the highest correlation with 
sensation compared with other subjective parameters.
When  people  wore  the  clothing  of  1.07clo  and  1.13clo  which  meant  cool 
environmental condition, the highest correlation coefficient for thermal indices was 
different depending on subjective parameters. PMV had the highest correlation with 
all subjective responses except for Borg’s RPE. All thermal indices showed low or no 
correlation with pleasantness, acceptance, and Borg’s RPE. 
Table 10. 17 Correlation for subjective responses and thermal indices by clothing
Sensation Comfort Stickiness Preference Pleasantness Acceptance Satisfaction
Borg’s 
RPE
0.59cl
o
WBGT 0.409 0.256 0.418 -0.432 -0.118 0.155 0.137 0.260
PMV 0.308 0.296 0.428 -0.336 -0.117 0.159 0.156 0.290
WCI/tch 0.376 0.241 0.370 -0.400 -0.124 0.156 0.113 0.343
Twc 0.417 0.298 0.430 -0.439 -0.158 0.192 0.160 0.346
0.85cl
o + 
0.96cl
o
WBGT 0.371 0.119 0.210 -0.280 - .074* -.080* 0.205
PMV 0.327 - 0.125 -0.192 .113 - -.094* 0.157
WCI/tch 0.363 .090* 0.205 -0.217 - - -0.107 0.206
Twc 0.322 - 0.171 -0.155 0.117 - -0.161 0.242
1.07cl
o + 
1.13cl
o
WBGT 0.325 -0.142 0.265 -0.395 0.119 -0.220 -0.214 0.156
PMV 0.423 -0.272 0.265 -0.404 0.330 -0.277 -0.301 -.119*
WCI/tch 0.251 -0.175 0.217 -0.248 0.164 -0.188 -0.164 -
Twc 0.239 -.108* 0.307 -0.335 - -0.142 -.102* 0.165
*: correlation is significant at 0.05 level.               -: there is no significant relationship.
When skin temperature was considered as a prediction for thermal environment, PMV 
seemed  to  be  good  to  be  used  for  all  warm,  moderate  and  cool  environments. 
However,  when  thermal  sensation  was  considered  as  a  prediction  for  thermal 
environment, Twc seemed to be good to be used for warm environment, WBGT for 
moderate environment, and PMV for cool environment.
10.7 Discussion
Each thermal index showed slightly different correlation with physiological responses 
and subjective responses by the data which occurred later in the experiment. Thermal 
indices are reflected by environmental conditions but every thermal index consists of 
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different environmental parameters or different weighing. So the correlation could be 
different depending on thermal indices but the difference was not large. 
Are time periods important for both males and females?
The change of tau was not as obvious as the change of tsk depending on thermal indices 
which stand for environmental conditions. tau seems to take time to be stable as well as 
not to be much influenced by the change of environmental conditions when people 
were exposed to certain thermal environment but tsk was more quickly influenced by 
environmental conditions.
Evaporative  sweat  loss  showed the  correlation  with  average  thermal  indices  over 
60mins  and  tau had  higher  correlation  with  thermal  indices  after  30mins  or  after 
40mins for all participants. However, tsk for males was highly correlated with thermal 
indices over 60mins and tsk for females showed higher correlation with final thermal 
indices.  Males’  skin  temperature  seemed  to  be  changed  more  by  the  change  of 
environmental  conditions  minutes  by  minutes  just  after  they  were  exposed  and 
females’ skin temperature seemed to reflect the cumulated effect for environmental 
conditions  over  60mins  while  they  were  exposed  to  the  thermal  environmental 
conditions.
It should be considered which data point should be picked up through the results over 
60mins and after 40mins. Data points may not be much important when the difference 
between thermal indices was considered. However, sometimes the orders for the high 
correlation  was  changed  even  though  the  correlation  coefficient  was  not  much 
different.  The  results  may occur  because  each thermal  indices  consist  of  different 
combination of environmental parameters. In addition, different data points could give 
different weighting to the parameters for developing new index as well as to decide 
the range of physiological responses will be useful.
Are males’ and females’ responses different to thermal indices?
The  correlation  between subjective  responses  and  thermal  indices  were  not  much 
different  between  males  and  females.  Thermal  indices  for  males  had  higher 
correlation with final sensation as well as WCI/tch and Twc for females showed higher 
correlation with final sensation. However, WBGT and PMV for females had higher 
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correlation with sensation after 40mins. As it was mentioned in chapter 8, females’ 
physiological  responses,  subjective  responses,  and  environmental  conditions  were 
correlated with each other higher than males.  So females’  sensation seemed to be 
influenced  by  females’  physiological  responses.  Especially,  the  mean  radiant 
temperature consists not of WCI/tch and Twc but of WBGT and PMV. Females would 
be more sensitive to radiation. 
With  regard  to  male  participants,  evaporative  sweat  loss  showed  the  highest 
correlation with thermal indices and skin temperature for female participants was the 
highest. The amount of sweat loss for males was greater than females and females’ 
skin  temperature  increased  as  time  went  by.  Therefore,  males  seemed  to  respond 
themselves  through  sweating  but  females  seemed  to  respond  themselves  through 
increasing skin temperature. However, females’ sweating could start later than males’. 
Females’ skin temperature went up because their sweating did not start properly yet 
but males have already started sweating, and their skin temperature seemed to be less 
influenced by environmental conditions.
Which aspects make thermal indices have higher or lower correlation?
PMV generally showed higher correlation  with physiological  responses than other 
thermal  indices  did  and  Twc had  higher  relationship  with  subjective  responses. 
Especially,  PMV had the highest correlation with skin temperature and evaporative 
sweat  loss  but  it  showed  lower  correlation  with  sensation.  PMV  consists  of  six 
environmental  parameters  but  other  indices  do  not,  and  it  might  explain  human 
physiological responses more than others. If PMV makes up for sensation, it will be 
an ideal index. In respect of comfort, the correlations with thermal indices were low 
but interestingly, males showed positive correlation but females had very low or no 
correlation with thermal indices. It might mean males feel uncomfortable when the 
environmental condition was warm but females’ comfort seemed not to be related to 
the environmental conditions. In regard of WBGT, the correlation of air velocity was 
negligible but air velocity has high fluctuation and the fluctuation happens very quick, 
so the correlation seemed to be low. However, the effect of wind could be important 
for reducing heat stress or delaying heat stress. In addition, WBGT out of thermal 
indices showed low correlation with evaporative sweat loss but sweat loss should also 
be important for heat stress indices.
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Factors making difference by thermal environments
Even same activity can influence on human physiological and subjective responses 
depending on hot, moderate, and cold environmental conditions. Slow walking makes 
people warm as time goes by under hot environment. However, the activity may not 
be  enough  to  make  human  body  warm  under  cold  environment.  In  moderate 
condition, walking slowly makes people keep neutral for an hour or body temperature 
will  go down. So it  could be considered  that  the time point  of  physiological  and 
subjective response would be different depending on the environmental conditions. 
Final  physiological  or  subjective  responses  can  go  up  as  time  goes  by for  warm 
environmental  condition  but  those  responses  are  changed  inconsistent  for  cool 
environment.  PMV seemed to explain skin temperature in the most  of conditions. 
However,  all  indices  showed  different  ranking  depending  on  physiological  and 
subjective responses and depending on categorising by clothing, and it is hardly to be 
concluded that which index is that best for all aspects.
10.8 Conclusion
1.  It  was  shown  that  the  correlations  between  thermal  indices  and  physiological 
parameters were slightly different by sex. 
1-1.  Males  –  sweat  production  showed  the  highest  correlation  with  all  four 
thermal indices.
1-2.  Females  –  skin  temperature  had  the  highest  correlation  with  all  thermal 
indices.
2. Thermal sensation showed high correlation with all thermal indices to both males 
and females.
3.  It  was  shown  that  the  correlations  between  thermal  indices  and  physiological 
parameters were different by time interval.
3-1.  Males  –  WBGT,  WCI/tch and  Twc had  the  highest  correlations  with  skin 
temperature over 60mins but PMV had the highest correlation after 50mins.
3-2.  Females  –  all  thermal  indices  showed  the  highest  correlation  with  skin 
temperature at 60mins.
4. It was shown that the correlations between thermal indices and subjective responses 
were different by time interval.
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4-1.  Males  –  all  thermal  indices  showed  the  highest  correlation  with  thermal 
sensation at 60mins.
4-2.  Females  –  WBGT  and  PMV  had  the  highest  correlation  with  thermal 
sensation after 40mins but WCI/tch and Twc did at 60mins.
5.  Thermal  sensation  showed high correlation  with all  four  thermal  indices  under 
environmental conditions such as warm, moderate and cool environments.
6. The highest correlation in warm environment – WBGT with the skin temperature 
and Twc with thermal sensation.
7. The highest correlation in moderate environment – PMV with the skin temperature 
and WBGT with thermal sensation.
8. The highest correlation in cool environment – WBGT with the skin temperature 
and PMV with thermal sensation.
9. With regard to validity and reliability, there was no thermal index which showed 
consistently high correlation with human responses depending on sex and by time 
periods.
10. In regard of usability,  PMV, WCI/tch and Twc had limited scopes but WBGT had 
no limited scope and can be used widely over all environmental conditions.
PMV  would  be  a  best  index  to  predict  human  responses  when  considering  skin 
temperature, environmental conditions as well as subjective responses although PMV 
need to make up for thermal sensation to outdoor weather conditions.
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Part Four: Discussion and conclusions
Chapter 11: Proposed system of thermal indices for 
assessing outdoor conditions
11.1 Chapter Summary
A modified PMV is decided through the results  of previous chapter.  This chapter 
introduces the PMVoutdoors which is a modified PMV. The relationship between PMV 
and  PMVoutdoors and  the  relationship  between  PMVoutdoors and  human  responses  are 
shown in this chapter.
11.2 Introduction
People  who  work  in  outdoor  weather  conditions  show  various  physiological  and 
subjective  responses  depending on air  temperature,  solar  radiation  and season etc. 
Then it  is not easy to explain uniformly how much the human body responses on 
single environmental parameter when the human is exposed to thermal environment. 
Only  the  possibility  about  the  relationship  can  be  found  out  through  statistical 
analysis, and the relationship could be changed depending on the thermal environment 
and activity level. Therefore, it is hardly to be concluded that a particular parameter is 
a decisive factor. For example,  air velocity has a high fluctuation or turbulence in 
outdoor conditions and it happens in a brief instant. However, human physiological 
response and subjective response do occur not as quickly as some of environmental 
parameters do. So to find the accurate relationship between environmental parameters 
and human responses may be impossible. However, it is obvious that the human is 
exposed to the thermal environment and the human responses are influenced by the 
environment.  Then the human body is  able to  maintain  energy balance in  various 
ranges  of  the  environmental  condition  through  the  human  thermoregulation 
mechanisms. For example, the human body has a control system for sweating through 
vasodilatation  and  for  shivering  by  vasoconstriction.  Fanger(1970)  assumed  that 
‘thermal load of the human body would have an influence on the thermal sensation 
and he defined the thermal load as the difference between the heat production and the 
heat  loss  to  the  thermal  environment  for  maintaining  the  comfort  of  the  sweat 
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production and the mean skin temperature’.  Actually the sweat production and the 
mean skin temperature showed high relationships with environmental conditions and 
subjective responses in this study (in chapter 8 and in chapter 10). Therefore, human 
thermal sensation can be one of valid factors which can predict human physiological 
responses. PMV was a best index to show high relationship with environments and 
physiological  responses  through  the  result  of  chapter  10  although  PMV had  low 
correlation with thermal sensation. So to develop PMV for improving the prediction 
of subjective responses was required. The aim is to produce a index which can predict 
human responses to outdoor thermal environment.
11.3 Method
PMVoutdoor which is a modified PMV is introduced, considering direct solar radiation 
as well as diffuse solar radiation. PMV is a rational index which considers human heat 
balance.  PMVoutdoor was  an  index  which  can  predict  thermal  sensation  to  outdoor 
conditions.  A  extended  thermal  sensation  scale  which  took  the  effects  of  solar 
radiation into account was used for PMVoutdoors. The scale was introduced as PMVsolar 
(Hodder, 2002; Parsons, 2003). PMVoutdoors was developed based on the database of 
this  study,  and PMVoutdoors should provide actual  enhanced range(both positive and 
negative toward extremely hot and extremely cold) of thermal sensation rather than 
extended range of only positive.
The method applied has been to the experiments with 168 participants, clothed in a 
standard  clothing  ensembles,  to  different  combinations  of  various  outdoor 
environmental conditions in Loughborough, U.K. The data is about their responses for 
one hour when they are exposed to outdoor environments. The practical application of 
the results could be valid for the range of the outdoor environmental conditions in 
which  the  experiments  were  conducted  as  well  as  strictly  valid  for  a  level  of 
exercise(metabolic  rate:  128Wm-2~209Wm-2),  for  five  kinds  of  clothing(0.59clo, 
0.85clo, 0.97clo, 1.07clo and 1.13clo). PMVoutdoors was a index from a modified PMV 
through heat transfer theory. 
11.3.1 Internal heat production
Metabolic  rate(M)  can  be  explained  as  the  activity  of  the  person  and  external 
mechanical  work(W) is  sometimes  converted from the energy in  the human body 
which is merely converted to internal body heat(H). So 
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H = M – W      kcal/hr                                                                                             (11.1)
External mechanical efficiency can be defined by the following expression
M
W
=η
Then
H = M(1 - η)
11.3.2 Heat loss by skin 
Water vapour diffusion through the skin is a kind of the insensible perspiration,  a 
process not governed by thermoregulatory mechanisms. The assumption is made as 
the skin diffusion is the difference between the saturated water vapour pressure, ps, at 
the skin temperature and the partial pressure of water vapour pa in the ambient air. 
The heat loss by the skin diffusion(Ed) can be calculated by the following equation.
)( asDud ppmAE −= λ (kcal/hr)                                                                               (11.2)
Where
λ = 575kcal/kg = heat of vaporization of water(at 35°C)
m = 6.1·10-4kg/hr = permeance coefficient of the skin(kg/hr m2 mmHg)
ps = saturated vapour pressure at skin temperature (mmHg)
pa = vapour pressure in ambient air (mmHg)
ps is related to mean skin temperature,  ts,  and the linear expression for mean skin 
temperature between 27°C and 37°C is below,
ps = 1.92ts – 25.3
)3.2592.1(35.0 asDud ptAE −−=
Fanger(1970) considered that heat balance for a certain activity level was influenced 
by  skin  temperature  and  sweat  production  as  the  physiological  parameters. 
Thermoregulatory  mechanism  of  human  has  efficiency  to  keep  heat  balance  on 
various environmental condition. However, the ranges of environmental conditions as 
well  as  physiological  responses  are  not  wide  for  thermal  comfort.  So  mean  skin 
temperature and sweat production have the narrow limits for thermal comfort.  The 
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following  regression  can  explain  the  relationship  between  skin  temperature  and 
activity.
Du
s A
Ht 032.07.35 −=   °C                                                                                       (11.3)
It is found that the mean skin temperature goes down when activity level goes up for 
constant comfort.
11.3.3 Heat loss by evaporation of sweat secretion
Sweat  production  is  one  of  physiological  parameters  for  the  human  heat  balance. 
Fanger(1970) stated that sweat production has to be in the particular range for the 
thermal comfort under certain activity level. He found sweat secretion values from the 
experiments  of  various  metabolic  rates.  Subtracting  the  diffusion  and  latent 
respiration heat losses figured out the sweat secretion. A regression analysis of the 
data provided a function between sweat secretion and activity level for persons in 
thermal comfort. The following regression can explain the relationship between sweat 
production and activity.




−= 5042.0
Du
DuSW A
HAE   (kcal/hr)                                                                       (11.4)
It can be seen that sweat production is zero for a sedentary person at thermal comfort 
but sweat production increases at higher activity levels for thermal comfort.
11.3.4 Latent respiration heat loss
Heat is transferred when air moves through the respiration and when the condensation 
of water happens. Inhaled air has less water than exhaled air. So a latent heat loss and 
a dry heat loss from the body results from breathing.
λ)( aexre WWVE −=                 (kcal/hr)                                                                  (11.5)
Where
Ere = latent respiration heat loss (kcal/hr)
V = pulmonary ventilation (kg/hr)
Wex = humidity ratio of the expiration air (kg water/kg dry air)
Wa = humidity ratio of the inspiration air (kg water/kg dry air)
λ = 575 kcal/kg = heat of vaporization of water (at 35°C)
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V=0.0060*M                           (kg/hr)
aaaaex WWtWW 80.0029.080.0000065.00277.0 −≅−+=−  (kg water/ kg dry air)
aaex pWW 00066.0029.0 −=−   (kg water/kg dry air)
Where
pa = the partial pressure of water vapour in inspired air(ambient air) (mmHg)
P = 760 mmHg (sea level barometric pressure)
The latent respiration heat loss is calculated by a following equation.
)44(0023.0 are pME −=   (kcal/hr)
11.3.5 Dry respiration heat loss
The heat loss from the body due to the difference in temperature between expired and 
inspired air(L) can be shown by
)(0014.0 aex ttML −=  (kcal/hr)                                                                             (11.6)
Temperature expired air(tex) can be used as the average value 34°C because the dry 
respiration heat loss is small.
)34(0014.0 atML −=  (kcal/hr)
11.3.6 Heat conduction through the clothing
Dry heat transfer for clothed body is complex, and it consists of internal convection 
and radiation as well as the conduction. The total thermal resistance from the skin to 
the clothed body(Icl) is expressed by
Icl = Rcl/0.18  (clo)                                                                                                   (11.7)
Where
Rcl = the total heat transfer resistance from skin to outer surface of the clothed body 
(m2hr°C/kcal)
The dry heat transfer can be calculated by the following equation:
cl
cls
Du I
ttAK
18.0
−
⋅= (kcal/hr)                                                                                      (11.8)
Where
tcl = the clothing surface temperature  (°C)
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11.3.7 Heat loss by radiation
Radiant heat is exchanged between the surrounding environment and the human body. 
Stefan-Boltzmann’s law can explain the heat loss by radiation from the clothed human 
body.
( ) ( )[ ]4*4 273273 +−+= mrtcleff ttAR ε σ                                                                    (11.9)
Where
Aeff = the effective radiation area of the clothed body (m2)
ε    =  the  emittance  of  the  outer  surface  of  the  clothed  body (standard  0.97,  the 
emittance for human skin is close to 1.0 and clothing is 0.95) 
σ     = the Stefan-Boltzmann constant: 4.96·10-8  (kcal/m2 hr°K4)
t*mrt  = the mean radiant temperature with also direct solar radiation(°C)
for calculation of t*mrt, it is necessary to have information about the reflectance of the 
skin and the clothing,  which  for  short  wave radiation  is  highly dependent  on the 
colour.
Ducleffeff AffA =                                                                                                     (11.10)
Where
feff  = the effective radiation area factor, i.e. the ratio of the effective radiation area of 
the clothed body to the surface area of the clothed body
fcl    = the ratio of the surface area of the clothed body to the surface area of the nude 
body
ADu = DuBois area(the surface area of the nude body (m2))
The heat loss by radiation can be rewritten as
( ) ( )[ ]4*48 273273104.3 +−+⋅= − mrtclclDu ttfAR
When people are exposed to a directional  irradiation from a high-intensity radiant 
sources such as beam or spot heater, formulae are required to determine the mean 
radiant temperatures for people exposed to a beam heater such as the sun.
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The mean radiant temperature, Tmrt, can be calculated by a following equation.
25.0
1
1




⋅



⋅+⋅= ∑
=
n
i
i
p
i
kimrt F
DaET
εσ
                                                                     (11.11)
Where
Tmrt = the mean radiant temperature with only diffuse irradiation (°K)
I*    = Direct solar radiation
Di   = Diffuse short-wave radiation(the diffuse solar radiation)
Ei   = Long-wave radiation(Ei = ε·σ·Ti4)
σ    = Stefan-Boltzmann-constant(5.67×10-8W/(m2K4))
εp   = Emission coefficient of a human being(standard value 0.97)
ak   = Absorption coefficient of a human being(standard value 0.7)
Fi   = Angle factor(the solid angle portions)
fp   = Projected area factor
n    = Number of i surrounding areas
Then
[ ] 25.0*4* )/( σε ⋅⋅⋅+= pkpmrtmrt IafTT                                                                  (11.12)
11.3.8 Heat loss by convection
The heat loss by convection(C) can be calculated by a following equation.
)( aclcclDu tthfAC −=                                                                                             (11.13)
Where
hc = the convective heat transfer coefficient (kcal/m2 hr°C)
hc under natural convection can be calculated by a following equation.
25.0)(05.2 aclc tth −=   (kcal/hr m2°C)                                         
hc under forced convection can be expressed by a following formula
vhc ⋅= 4.10        for v < 2.6 m/s      (kcal/hr m2°C)    
where 
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v = the relative velocity (m/s)
Fanger(1970)  suggested  that  hc should  be  calculated  by  a  following  transition 
formulae to determine convective heat transfer in the transition zone.
( ) ( )
( )

〈−
〉−−
=
vttforv
vttfortth
acl
aclacl
c 4.1005.24.10
4.1005.205.2
25.0
25.025.0
                                   (11.14)
11.3.9 Comfort equation
The comfort equation combined all heat loss term can be expressed by a following 
equation.
( ) ( )
( )
( ) ( )[ ] ( )aclcclmrtclcla
Du
a
DuDu
a
DuDu
tthfttft
A
M
p
A
M
A
M
p
A
M
A
M
−++−+⋅⋅=−⋅
−−−


−−⋅
−


−−⋅−−−
−
4*48 273273104.3)34(0014.0
)44(0023.050142.0
1061.04335.01
η
ηη
(11.15)
The  PMV  is  based  upon  the  comfort  equation  is  rewritten  in  SI  units  by  ISO 
7730(2005) as
[ ]
( ) [ ] ( )[ ]
( ) ( )[ ] ( ) 


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2732731096.3
)34(0014.0)5867(107.1
15.5842.0)(99.657331005.3
028.0)036.0exp(303.0
(11.16)
( ) ( )[ ] ( ){ }aclcclrclclclcl tthfttfIWMt −⋅⋅++−+⋅⋅⋅⋅−−⋅−= − 448 2732731096.3)(028.07.35
(11.17)



⋅<−⋅⋅
⋅>−⋅−⋅
=
araclar
araclacl
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h
1.1238.21.12
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
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f
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clcl
cl /078.0645.005.1
/078.0290.100.1
2
2
                                 (11.18)
Where
M = the metabolic rate (W/m2)
W = the effective mechanical power (W/m2)
Icl = the clothing insulation (m2·K/W)
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fcl = the clothing surface area factor
ta = the air temperature  (°C)
rt = the mean radiant temperature (°C)
var = the relative air velocity (m/s)
pa = the water vapour partial pressure (Pa)
hc = convective heat transfer coefficient [W/(m2·K)]
tcl = the clothing surface temperature (°C)
The assumption was made as the thermal sensation could explain the thermal stress of 
the  human  body.  This  equation  will  indicates  that  the  environmental  parameters 
should be combined in order to assess a given outdoor climate on human responses 
but it will not be applicable to provide the optimal thermal comfort. Therefore, it may 
give direct information on human’s thermal sensation in outdoor climate.
11.4 Results
PMVoutdoors was developed by using a formula of the mean radiant temperature for 
outdoor  conditions  based  on  PMV  equation.  All  data  about  environmental, 
physiological and subjective measurements in chapter 8 and chapter 9 were applied 
for calculating the PMVoutdoors. 
11.4.1  Mean  radiant  temperature  with  a  black  globe 
thermometer and with a pyranometer
The relationship between mean radiant temperatures using a black globe thermometer 
and using a pyranometer is shown in  Figure 11. 1. The range of the mean radiant 
temperature by a black globe was more than 0°C while the range of mean radiant 
temperature by a pyranometer was -20°C to 50°C. The mean radiant temperature by a 
black globe had mixed results when the temperature was below approximately 40°C. 
However, mean radiant temperature by black globe was lower than the other when the 
temperature was above approximately 50°C. 
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Figure 11. 1 Scatter plot of mean radiant temperatures.
Generally,  the mean radiant temperature by black globe was higher than the mean 
radiant  temperature  using  a  pyranometer  but  the  range  between  maximum  and 
minimum  temperature  was  similar  as  approximately  70°C.  The  mean  radiant 
temperature by a pyranometer had lower than air temperature in some ranges because 
of low ground temperature and insufficient estimated diffuse radiation(Table 11. 1 
and Table 11. 2).
Table 11. 1 Conditions assumed for radiation balances(Monteith and Unsworth, 1990)
High sun 
clear
High sun partly 
cloudy
Low sun 
clear
Overcast 
day
Clear 
night
Solar elevation 60 60 10 - -
Direct solar radiation(Wm-2) 800 800 80 - -
Diffuse solar radiation(Wm-2) 100 250 30 250 -
Table 11. 2 The range of the raw data in 60mins for 168 participants
Range
Ground temperature(°C) 0.4 ~ 45.6
Air temperature(°C) -1 ~ 26.9
11.4.2 Analysis of climate indices
The correlations between PMVoutdoors, thermal indices and other parameters are shown 
in Table 11. 3. PMVoutdoors had highest relationship with sweat evaporated(SL) within 
physiological  parameters.  In  addition,  PMVoutdoors showed higher  relationships  with 
aural temperature(tau) and heart rate(HR) than PMV.
Table 11. 3 Correlation correlations between PMVoutdoors and other factors
PMV PMVsolar tsk tau HR SL Sensation
PMVoutdoors .852** .723** .414** .264** .132** .788** .407**
PMV 1 .891** .638** .249** .106** .835** .470**
** correlation is significant at the 0.01level (2-tailed).
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11.4.2.1 PMVoutdoors and other thermal indices
PMVoutdoors value was lower than PMV value(Figure 11. 2). The relationship between 
PMVoutdoors and PMV is shown in Table 11. 3, and it was significant(r=.852, p<0.01). 
PMVoutdoors could also provide lower values than PMV in the negative sensations.
Figure 11. 2 Scatter plot of PMV and PMVoutdoors (see Figure 2.9 in Chapter 2).
PMVoutdoors showed much lower values than PMVsolar  in sensation, and a third of the 
data for PMVsolar was more than 5 which meant ‘extremely hot’(Figure 11. 3). The 
relationship between PMVoutdoors and PMVsolar was shown in  Table 11. 3, and it was 
significant(r=.723, p<0.01). 
Figure 11. 3 Scatter plot of PMVsolar and PMVoutdoors(see Figure 2.9 in Chapter 2).
11.4.2.2  PMVoutdoors and physiological responses
PMVoutdoors and  mean  skin  temperature(tsk)  showed  significant  relationship(r=.414, 
p<.01). When the mean skin temperature was below 32°C, Most of PMVoutdoors value 
was below 2 which meant ‘warm’(Figure 11. 4). PMVoutdoors showed above 2 when 
most of mean skin temperature was above 32°C.
PMVoutdoors and aural temperature(tau) showed significant relationship(r=.264, p<.01). 
When aural  temperature  was below 35.5°C, PMVoutdoors was below 1 which meant 
‘slightly warm’(Figure 11. 5). PMVoutdoors had a wide range, and the value was above 2 
when aural temperature was above 36°C.
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Figure 11. 4 Scatter plot of mean skin temperature and PMVoutdoors(see Figure 2.9 in Chapter 2).
Figure 11. 5 Scatter plot of aural temperature and PMVoutdoors(see Figure 2.9 in Chapter 2).
PMVoutdoors and heart rate(HR) showed significant relationship(r=.132, p<.01). Heart 
rate was widely distributed as a circle shape(Figure 11. 6).
Figure 11. 6 Scatter plot of heart rate and PMVoutdoors(see Figure 2.9 in Chapter 2).
Average  PMVoutdoors and  sweat  evaporated  showed  significant  relationship(r=.788, 
p<.01). When sweat production was below 150g/h, PMVoutdoors showed ‘slightly cool’ 
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to  ‘warm’(Figure  11.  7).  PMVoutdoors prediction  was above 2  which  meant  ‘warm’ 
when sweat production was more than 200g/h.
Figure 11. 7 Scatter plot of sweat loss and average PMVoutdoors(see Figure 2.9 in Chapter 2).
11.4.2.3  PMVoutdoors and thermal sensation
PMVoutdoors and thermal sensation showed significant relationship(r=.407, p<.01). The 
range of thermal sensation was from -5 to 4.5 which meant ‘extremely cold’ to ‘very 
hot’ while PMVoutdoors showed -2 to 4 which meant ‘cool’ to ‘very hot’(Figure 11. 8). 
Figure 11. 8 Scatter plot of thermal sensation and PMVoutdoors(see Figure 2.9 in Chapter 2).
11.5 Discussion
PMVoutdoors was produced by amending the part of the mean radiant temperature of 
PMV. Fanger(1970) mentioned that the information about optimum combination of 
environmental  parameters  for  thermal  comfort  could  be  provided  by  the  PMV 
equation. Human responses in an arbitrary climate like outdoor conditions could not 
be  satisfied  for  the  prediction  of  the  PMV.  Furthermore, the  ranges  of  sweat 
production and mean skin temperature for thermal comfort in steady state condition 
which could happen indoors were considered for the PMV. It  may be one of  the 
reason PMVoutdoors could not show the high prediction on skin temperature and thermal 
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sensation. It seemed not to be able to be effective way to develop a valid index for 
people exposed to outdoor conditions with keeping the same structure or formality as 
the PMV and with changing the way of calculating the mean radiant temperature. 
First of all, PMV, PMVoutdoors and PMVsolar cannot explain the actual cold sensation. In 
addition, current study was conducted outdoors with the metabolic rate of 128Wm-
2~209Wm-2 as well as fluctuated higher wind speed than indoors. For instance, people 
can feel cold or extremely cold when they are exposed to moderate air temperature or 
high  mean  radiant  temperature  or  high  wind  speed  without  sufficient  insulated 
clothing. Especially, thermal sensation can be cold or extremely cold under very high 
solar  radiation  if  air  temperature  is  low  and  wind  speed  is  high.  So  it  will  be 
meaningful to find the relationship between human physiological responses and solar 
radiation or to find the relationship between human physiological responses and the 
combination of air temperature, solar radiation and wind speed depending on cold or 
hot environment. 
Wind speed shows high fluctuation outdoors, and hc should be covered with the air 
velocity  of  more  than  2.6m/s  for  outdoor  conditions.  If  the  relative  velocity  is 
considered  for  outdoor  conditions,  the  upper  limit  of  air  velocity  could  be  up  to 
4.0m/s  or  even  higher.  Therefore,  proper  convective  coefficient  or  heat  transfer 
coefficient  would  be  needed  for  people  who  are  exposed  to  outdoor  thermal 
environment. Furthermore, it was observed that the mean skin temperature had high 
relationship with the mean radiant temperature as well as the skin temperature showed 
the  high  correlation  with  the  thermal  sensation.  Then it  is  essential  to  do further 
research for the mean radiant  temperature  and mean skin temperature  for outdoor 
conditions. PMVoutdoors used diffuse radiation and direct solar radiation for calculating 
the mean radiant temperature, and PMVoutdoors seemed to show lower relationship with 
actual  thermal  sensation than the PMV. Estimated  values  which came from using 
diffuse  radiation  and  direct  solar  radiation  had  lower  relationship  with  human 
responses  than  the  mean  radiant  temperature  using  a  black  globe  thermometer  in 
chapter 8. The estimation of diffuse radiation under the low sun was not provided 
sufficiently(Monteith  and Unsworth,  1990)  and the ground temperature  was lower 
than  air  temperature  at  low air  temperatures,  and  some  part  of  the  mean  radiant 
temperature showed negative values. To improve the accuracy of direct measurement 
for  the  mean  radiant  temperature  in  outdoor  conditions  seems  to  be  required.  In 
addition, it was found that the range of subjective responses were wide for 60mins 
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exposure outdoors through this study as well as the ranges of humans internal body 
temperature or their skin temperature were wide. Even though the PMV can explain 
the relationship between the thermal load and the sensation, the index is suitable not 
for discomfort situation but for comfort situation. However, outdoor condition seems 
not  to  provide  comfort  to  human  because  of  the  high  fluctuation  of  thermal 
environmental condition. Therefore, a new approach apart from the format of PMV 
equation seems to be required for having better prediction of human physiological 
responses and their subjective responses.
11.6 Conclusion
The method applied has been to the experiments with 168 participants, clothed in a 
standard  clothing  ensembles,  to  different  combinations  of  various  outdoor 
environmental  conditions  in  Loughborough,  U.K.  The  data  is  about  the  their 
responses for one hour when they are exposed to outdoor environments. The practical 
application of the results could be valid for the range of the outdoor environmental 
conditions in which the experiments were conducted as well as strictly valid for a 
level  of  exercise(metabolic  rate:  128Wm-2~209Wm-2),  for  five  kinds  of 
clothing(0.59clo, 0.85clo, 0.97clo, 1.07clo and 1.13clo). PMVoutdoors was a index from 
a modified PMV through heat transfer theory. 
1. PMVoutdoors had significant relationships with all human responses(p<0.01).
2. PMVoutdoors showed highest correlation with sweat evaporated(r=.788, p<0.01) and 
lowest correlation with heart rate(r=.132, p<0.01).
3. The order of the higher relationship with PMVoutdoors was sweat evaporated>mean 
skin temperature>thermal sensation>aural temperature>heart rate.
The  equation  is  deduced  on  the  basis  of  experiments  with  168  male  and  female 
participants outdoors which is under non steady-state conditions. It may be possible 
that the equation could be utilised for other groups within the range of environmental 
conditions.
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Chapter 12: Discussion
Fluctuation of thermal environment
Human physiological and subjective responses were observed with 168 participants in 
various weather conditions over a year. It is not easy to find the constant relationship 
between human responses and outdoor climate. Solar radiation and wind speed have 
high fluctuation in 60minutes, and the relationship between environmental conditions 
such as solar radiation and wind speed and human responses was lower than the one 
between human responses and the mean radiant temperature. However, it is obvious 
that human responses are influenced by those environmental conditions. For instance, 
although a sedentary person is exposed to moderate air temperature in sunny day, the 
person can feel cold if there is high air velocity. Fanger(1970) also pointed out that 
people could feel like the increase of the temperature of 1.5~3°C by the increase in 
the wind speed of 0.1~0.3m/s. So ‘phenomenon of draught’ can be compensated for 
the certain amount of temperature change for considering thermal comfort.
Radiation
It was found that there was the difference of heat consumption between the front parts 
and the back parts by the experiment with a thermal manikin, and asymmetries in the 
heat loss from the human body could occur through unilateral heating of the body. 
Then the sun could make persons working outdoors discomfort through asymmetric 
radiant.  People  can  also  be  irradiated  by  the  ground,  and  the  vertical  radiant 
asymmetry may cause people less comfort in the case of outdoor climate. However, 
the effect of solar radiation is not simple to be concluded, and it could be different 
depending on the environmental conditions and the activity. When people feel cold, 
people can be less discomfort if the full sun comes out and vice versa. 
Exposure time
The exposure time could be considered for human responses and their thermal strain 
during  outdoor  activity,  and  finding  out  the  limited  exposure  time  depending  on 
environmental conditions would be useful. When Fanger(1970) developed the PMV, 
the mean value of all sensation was considered as a function of time when people 
voted.  The experiments which were conducted for this thesis also seemed to have 
been considered as the function of the time of the vote. Because the thermal sensation 
seemed to be lower at the time of the initial and the second votes. Initial sensation 
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might  be  affected  by the activity  just  before taking  part  in  the  experiment  or  the 
change  of  environmental  conditions.  It  was  hard  to  find  steady  state  conditions 
through outdoor exposures but it was seen that the data which occurred later in the 
experiment tended to have higher correlation. Human responses had a tendency to be 
in stable condition later  in the exposure although environmental  condition showed 
high fluctuation. Hence, human responses could be explained with another expression 
such as ‘dynamic equilibrium’(Humphreys  and Nicol, 2002) which meant between 
transient and steady-state. 
Thermal sensation
Fanger(1970)  refered  Gagge’s  suggestion  for  anticipatory  of  human  thermal 
sensation. The body temperature can be leaded by the thermal sensation. However, 
actual outdoor thermal environments are often fluctuated within an hour especially 
wind speed and solar radiation, so that the hysteresis effect seems not to be related to 
human responses outdoors. It was found that thermal neutrality was not the same as 
the thermal comfort as well as the sensation was not related to satisfaction through 
this study. Although thermal neutrality is in the condition of a person neither warm or 
cool, thermal neutrality for outdoor environments might hardly exist unless people 
can change their activity or the amount of clothing because activity would help the 
change of physiological responses.
Thermal indices
Although the PMV showed high relationship with human responses, PMV could not 
explain  the  human  thermal  sensation  of  below  ‘slightly  cool’.  Fanger(1970) 
emphasized that the PMV could provide how the parameters should have combination 
to achieve optimal thermal comfort and it was not proper for the sensation of people 
in inconsistent climate conditions. Then it may not be surprising that PMVoutdoors could 
not explain the thermal sensation of below ‘cool’ even though it had high correlation 
with human responses. In addition, the PMV was reflected in high ratio of activity 
level compared with other essential parameters. However, human responses seem to 
be influenced by actual outdoor climate which consists of solar radiation and wind 
speed etc,  and people could have different  responses due to various internal  body 
temperature or various skin temperature. Therefore, a valid index should consist of 
proper ranges of human responses of when they are exposed to outdoor environmental 
conditions as well as the ratio of the impact of environmental parameters.
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Chapter  13:  Conclusions  and  recommendations  for 
further work
13.1 Chapter summary
The outstanding results through this thesis are introduced and future researches are 
proposed in this chapter.
13.2 Final comments
The  aim  of  this  thesis  was  to  assess  human  responses  to  outdoor  thermal 
environments which was hardly simulated by laboratory experiments. The results of 
the experiment showed the actual human responses to natural outdoor climate over a 
year. The thermal environment was the condition which people could be exposed to 
through  everyday  human  life.  A  thermal  index  was  produced  based  on  this 
experimental dataset and it showed significant correlation with all human responses 
such  as  skin  temperature,  aural  temperature,  heart  rate  and  thermal  sensation. 
However,  this  experiments  consisted  of  mild  environmental  conditions,  and  no 
extremely  cold  and  hot  weather  conditions  may  be  explained.  Furthermore,  the 
combination of actual thermal environment has a plenty of the number of cases in our 
daily life, and further data collection is required for developing an improved valid 
index for outdoor thermal environments.
13.3 Conclusions
1.  Outdoor  environments  show much  greater  variation  in  thermal  conditions  than 
indoor environments.
2. For the conditions investigated, an estimate of the contribution of solar radiation on 
a person ranged from 14Wm-2 to 50Wm-2 depending upon the assumptions made and 
method used.
3. No consistent relationship was found between wind speed when measured at 3m 
and when measured at 1m above the ground.
4.  Physiological  responses  for  females  showed  a  stronger  relationship  with 
environmental and subjective variables than those for males.
5.  Large individual  differences  were found in human responses to similar  outdoor 
conditions.
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6. All for thermal indices tested(PMV, WBGT, WCI/tch and Twc) showed significant 
correlations with human response.
7. A modified PMV index, PMVoutdoors, improved the correlation with physiological 
responses however limitations still exist and further investigation is required.
8. Further research should be conducted, to investigate climates experienced globally 
and a wider range of thermal indices.
9.  In  developing  an  international  outdoor  climate  index,  future  research  should 
consider the ability for people to adapt to the weather conditions and take account of 
cultural differences across the world.
13.4 Future research
The experiments in this study were conducted not in extremely cold and hot weather 
but  in  cool,  mild  and  warm  thermal  conditions,  and  more  wider  range  of 
environmental conditions should be considered for the future research. In addition, the 
transient effect on human body is hard to be explained compared with steady-state 
condition.  Outdoor  condition  is  non-steady  state  and  it  is  generally  accepted  that 
human  responses  can  be  considered  as  the  responses  under  transient  condition. 
However,  it  was  observed  that  human  responses  showed  higher  correlation  with 
thermal indices with the data which occurred later in the experiments. So the human 
responses  outdoors  could  be  different  with  human  responses  by  laboratory 
experiments.  Furthermore,  the  exposure  time  could  be  considered  for  human 
responses  and  their  thermal  strain  during  outdoor  activity,  and  to  figure  out  the 
minimum exposure time depending on environmental conditions would be important. 
So more data collection would be needed for quantifying human responses to outdoor 
thermal environment.
It can be considered that outdoor environmental conditions are very complicated and 
proper combinations or ratio of environmental parameters is hard to be set up. The 
valid and reliable combination of environmental parameters could be different, and 
human responses would also be various depending on weather condition such as hot, 
cold  or  moderate  conditions.  Skin  temperature  seems  to  be  fluctuated  by 
environmental conditions such as solar radiation or wind speed and the set point of 
skin  temperature  could  be  different  depending  on  the  season  and  hot  or  cold 
environment.  Therefore,  developing  heat  transfer  coefficient  will  be  useful  for 
improving  human  heat  balance  equation  or  for  developing  a  valid  thermal  index 
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outdoors.  In  addition,  the  accuracy  of  the  mean  radiant  temperature  for  outdoor 
thermal environment should be improved as well as the accuracy of estimated value 
of the diffuse radiation is required through in-depth research or a plenty of research.
If a valid index outdoors is generally used in ordinary life,  it  would be perfect  to 
improve the efficiency of work or to maintain human health. As an alternative way, to 
develop health monitoring questionnaire will be useful to tourists or people working 
outdoors. It was found that males’ thermal sensation did not show correlation with 
environmental conditions but females did through this study. Outdoor activity could 
be involved with acoustic comfort. However, mortality due to heat happens without a 
lag  time.  So  even  though  people  could  not  feel  thermal  sensation  or  comfort 
correspondingly,  people  could  have  psychological  symptom  or  physiological 
symptom. Therefore, the questionnaire could be developed not with direct questions 
but with questions for their actual psychological and subjective symptom which can 
correspond with actual human physiological responses.
1.  need  a  research  in  a  wide  range  of  thermal  environment,  extremely  cold  and 
extremely hot.
2. figuring out the minimum exposure time depending on the thermal environment.
3. developing heat transfer coefficient.
4. research for improving the accuracy of mean radiant temperature.
5. producing health monitoring questionnaires which can predict human physiological 
responses.
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Appendix A
Measurement of clothing insulation
For the measurement of clothing insulation, air temperature should be measured as 
close as possible to a thermal manikin and the sensor of air temperature should be 
installed on various levels from the ground(ISO 15831, 2004). The air temperatures of 
near the manikin should be kept as constant horizontally and vertically within 0.5°C 
while the trial is conducted for 30mins. The manikin should be operated as ‘power 
control’ mode which makes skin temperature of the manikin keep at 34°C, and then 
the heat consumption is considered for calculating the clothing insulation. 
Environmental condition
Average air temperature was 21 ~ 21.6°C, relative humidity 45%±5, and wind speed 
was less than 0.15ms-1±0.05 for 30mins of each trial.
Selection of preparation of test ensembles 
Type 1 - underwear, white short-sleeved T shirt, blue jeans, socks and training shoes.
Type 2 - underwear, white short-sleeved T shirt, white long-sleeved shirt, blue jeans, 
socks and training shoes. 
Type 3 - underwear, white short-sleeved T-shirt, grey sweat shirt, blue jeans, socks 
and training shoes. 
Type 4 - underwear, white long-sleeved shirt, grey sweat shirt, blue jeans, socks and 
training shoes. 
Type 5 - underwear, white short-sleeved T-shirt, white long-sleeved shirt, grey sweat 
shirt, blue jeans, socks and training shoes.
Test procedure
In  this  trials,  air  temperature  was  measured  0.1m from the  thermal  manikin.  The 
thermistors were placed at five levels (0.1m, 0.5m, 1.0m, 1.4m, and 1.8m from the 
ground) on both sides of near the thermal manikin(See chapter 2). Trials for each type 
of clothing were conducted three times but on the different days. The average value of 
the three trials was used for the final value of clothing insulation. Trials for clothing 
insulation were conducted from August to November, 2008.
Calculation method
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where 
It             total clothing insulation                                                             Clo, m2 ºCW-1
Icl            intrinsic clothing insulation                                                       Clo, m2 ºCW-1
Ia             thermal insulation of the boundary layer on a nude person      Clo, m2 ºCW-1
fcl            clothing area factor                                                                    Clo, m2 ºCW-1
tsk            skin temperature of a thermal manikin                                      ºC
ta             air temperature                                                                           ºC
Qnude       heat consumption from a nude manikin                                     Wm-2
Qclothed    heat consumption from a clothed manikin                                  Wm-2
Icle           effective clothing insulation                                                       Clo, m2 ºCW-1
Test report
Table 1 calculation results from the measurement
tsk ta fcl Qnude Qclothed Ia It Ia/fcl Icle clo
Type1 Trial1 34 21.5 1.14 96.1 59.8 0.13 0.21 0.11 0.09 0.61
Trial2 34 21 1.14 120.9 72.3 0.11 0.18 0.09 0.09 0.55
Trial3 34 21.1 1.14 120.8 68.8 0.11 0.19 0.09 0.09 0.61
Type2 Trial1 34 21.5 1.16 96.1 49.5 0.13 0.25 0.11 0.14 0.91
Trial2 34 21 1.16 120.9 61.2 0.11 0.21 0.09 0.12 0.77
Trial3 34 21.2 1.16 120.8 56.1 0.11 0.23 0.09 0.14 0.88
Type3 Trial1 34 21.5 1.17 96.1 47.1 0.13 0.27 0.11 0.15 0.99
Trial2 34 21.1 1.17 120.9 54.7 0.11 0.24 0.09 0.14 0.93
Trial3 34 21.1 1.17 120.8 53.9 0.11 0.24 0.09 0.15 0.96
Type4 Trial1 34 21.6 1.24 96.1 45.5 0.13 0.27 0.10 0.17 1.09
Trial2 34 21.1 1.24 120.9 52.9 0.11 0.24 0.09 0.16 1.02
Trial3 34 21.1 1.24 120.8 49.9 0.11 0.26 0.09 0.17 1.11
Type5 Trial1 34 21.6 1.28 96.1 44.7 0.13 0.28 0.10 0.18 1.14
Trial2 34 21.3 1.28 120.9 51.6 0.11 0.25 0.08 0.16 1.06
Trial3 34 21 1.28 120.8 48.7 0.11 0.27 0.08 0.18 1.18
So clothing insulation values were determined by the average of three trials.
Type 1: 0.59clo
Type 2: 0.85clo
Type 3: 0.96clo
Type 4: 1.07clo
Type 5: 1.13clo
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Appendix B
Practical example of calculating mean radiant temperature
The mean radiant temperature was used in chapter 11. An example out of experiments 
with 168participants  was considered for finding out the mean radiant  temperature. 
The following measurements and estimates have been made to define the effective 
mean  radiant  temperature  on  human  body(Fanger,  1970;  Monteith  and  Unsworth, 
1990; Matzarakis, 2007; Thorsson, 2007).
Air temperature                                                 ta = 19.5°C
Ground temperature                                          ti = 32.2°C
Direct solar radiation                                         I* = 613 Wm-2
Diffuse solar radiation                                      Di = 250 Wm-2(high sun partly cloud)
Long-wave radiation                                         Ei = ε·σ·T4
Stephan Boltzmann constant                             σ = 5.67×10-8    W/(m2K4)
Emission coefficient of a human being             εp = standard value 0.97
Reflectance of the floor(light grey)                   ρ = 0.6 or ρ=1-ε
Emission coefficient of the floor(light grey)     εi = 0.4
Absorption coefficient of a human being          ak = standard value 0.7
Angle factor(the solid angle portions)               F = 0.22 from the four cardinal points
                                                                                  0.06 from above and below
Projected area factor                                          fp = 0.32
The effective mean radiant temperature with direct solar radiation, T*mrt, is calculated 
from following equations. Tmrt expresses only diffuse irradiation.
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Appendix C
Individual database
0.1 C.1 Individual male database depending on clothing
Clothing worn varied with conditions  and all  the items  were a white  cotton short 
sleeved shirt or a white cotton/polyester shirt or a grey cotton/polyester sweat shirt, 
blue jeans, underwear,  socks and trainers.  Clothing set  was selected depending on 
basically air temperature as well as wind, clouds cover and the sun.
4
0.1.1.1 C.1.1 White short sleeved t-shirts
Results for male participants are shown from Figure C. 1 to Figure C. 14. They wore 
short  sleeved  t-shirts,  blue  jeans,  underwear,  socks  and  trainers  which  provided 
0.59clo.
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Figure C. 1 Individual data for participant 1MI. 
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Figure C. 2 Individual data for participant 2MI. 
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Figure C. 3 Individual data for participant 4MI. 
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Figure C. 4 Individual data for participant 5MI. 
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Figure C. 5 Individual data for participant 75MI. 
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Figure C. 6 Individual data for participant 102MI. 
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Figure C. 7 Individual data for participant 105MI. 
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Figure C. 8 Individual data for participant 107MI. 
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Figure C. 9 Individual data for participant 108MI. 
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Figure C. 10 Individual data for participant 110MI. 
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Figure C. 11 Individual data for participant 111MI. 
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Figure C. 12 Individual data for participant 114MI. 
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Figure C. 13 Individual data for participant 123MI. 
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Figure C. 14 Individual data for participant 126MI. 
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0.1.1.2 C.1.2 Short sleeved t-shirts and long sleeved shirts
Results for male participants are shown from Figure C. 15 to Figure C. 32. They wore 
short sleeved t-shirts,  long sleeved shirt,  blue jeans, underwear, socks and trainers 
which provided 0.85clo.
Environmental conditions Physiological responses
0
5
10
15
20
25
30
35
40
45
0 10 20 30 40 50 60
Time(min)
D
eg
re
e 
C
 o
r m
/s
0
100
200
300
400
500
600
700
800
900
%
 o
r W
m
-2
tr(°C) v(m/s) ta(°C) SR(Wm-2) RH(%)
0
5
10
15
20
25
30
35
40
0 10 20 30 40 50 60
Time(min)
D
eg
re
e 
C
0
20
40
60
80
100
120
140
bp
m
tau tsk HR(bpm)
Total sweat production(gh-1): 468
Subjective responses
Sensation
-5
-4
-3
-2
-1
0
1
2
3
4
5
0 10 20 30 40 50 60
Time(min)
Extremely hot
Cold
Cool
Slightly cool
Neutral
Slightly warm
Warm
Hot
Very hot
Very cold
Extremely cold 1
2
3
4
0 10 20 30 40 50 60
Time(min)
1
2
3
4
Comfort Stickiness
Not sticky
Slightly sticky
Sticky
Very stickyVery uncomfortable
Not uncomfortable
Slightly uncomfortable
Uncomfortable
Preference
-3
-2
-1
0
1
2
3
0 10 20 30 40 50 60
Time(min)
Much warmer
Much cooler
Cooler
Slightly cooler
No change
Slightly  warmer
Warmer
Pleasantness
-3
-2
-1
0
1
2
3
0 10 20 30 40 50 60
Time(min)
Very unpleasant
Unpleasant
Slightly unpleasant
Neither pleasant nor 
unpleasant
Slightly pleasant
Pleasant
Very pleasant
Borg's RPE
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
0 10 20 30 40 50 60
Time(min)
No exertion at all
Maximal exertion
Extremely hard
Very hard
Hard(heavy)
Somewhat hard
Light
Very light
Extremely light
Acceptance & satisfaction
Time(min) 0 10 20 30 40 50 60
Acceptance* 0 0 0 0 0 0 0
Satisfaction** 0 0 0 0 0 0 0
* 0; acceptable 1; unacceptable
** 0; satisfied  1; dissatisfied
Figure C. 15 Individual data for participant 9MI. 
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Figure C. 16 Individual data for participant 10MI. 
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Figure C. 17 Individual data for participant 11MI. 
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Figure C. 18 Individual data for participant 56MI. 
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Figure C. 19 Individual data for participant 57MI. 
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Figure C. 20 Individual data for participant 70MI. 
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Figure C. 21 Individual data for participant 77MI. 
25
Environmental conditions Physiological responses
0
5
10
15
20
25
30
35
40
45
0 10 20 30 40 50 60
Time(min)
D
eg
re
e 
C
 o
r m
/s
0
100
200
300
400
500
600
700
800
900
%
 o
r W
m
-2
tr(°C) v(m/s) ta(°C) SR(Wm-2) RH(%)
0
5
10
15
20
25
30
35
40
0 10 20 30 40 50 60
Time(min)
D
eg
re
e 
C
0
20
40
60
80
100
120
140
bp
m
tau tsk HR(bpm)
Total sweat production(gh-1): 162
Subjective responses
Sensation
-5
-4
-3
-2
-1
0
1
2
3
4
5
0 5 10 15 20 25 30 35 40 45 50 55 60
Time(min)
Extremely hot
Cold
Cool
Slightly cool
Neutral
Slightly warm
Warm
Hot
Very hot
Very cold
Extremely cold 1
2
3
4
0 5 10 15 20 25 30 35 40 45 50 55 60
Time(min)
1
2
3
4
Comfort Stickiness
Not sticky
Slightly sticky
Sticky
Not uncomfortable
Slightly uncomfortable
Uncomfortable
Very uncomfortable Very sticky
Preference
-3
-2
-1
0
1
2
3
0 5 10 15 20 25 30 35 40 45 50 55 60
Time(min)
Much warmer
Much cooler
Cooler
Slightly cooler
No change
Slightly  warmer
Warmer
Pleasantness
-3
-2
-1
0
1
2
3
0 5 10 15 20 25 30 35 40 45 50 55 60
Time(min)
Very unpleasant
Unpleasant
Slightly unpleasant
Neither pleasant nor 
unpleasant
Slightly pleasant
Pleasant
Very pleasant
Borg's RPE
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
0 5 10 15 20 25 30 35 40 45 50 55 60
Time(min)
No exertion at all
Maximal exertion
Extremely hard
Very hard
Hard(heavy)
Somewhat hard
Light
Very light
Extremely light
Acceptance & satisfaction
Time(min) 0 5 10 15 20 25 30 35 40 45 50 55 60
Acceptance* 0 0 0 0 0 0 0 0 0 0 0 0 0
Satisfaction** 0 0 0 0 0 0 0 0 0 0 0 0 0
* 0; acceptable 1; unacceptable
** 0; satisfied  1; dissatisfied
Figure C. 22 Individual data for participant 80MI. 
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Figure C. 23 Individual data for participant 85MI. 
27
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Figure C. 24 Individual data for participant 104MI. 
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Figure C. 25 Individual data for participant 106MI. 
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Figure C. 26 Individual data for participant 118MI. 
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Figure C. 27 Individual data for participant 120MI. 
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Figure C. 28 Individual data for participant 122MI. 
32
Environmental conditions Physiological responses
0
5
10
15
20
25
30
35
40
45
0 10 20 30 40 50 60
Time(min)
D
eg
re
e 
C
 o
r m
/s
0
100
200
300
400
500
600
700
800
900
%
 o
r W
m
-2
tr(°C) v(m/s) ta(°C) SR(Wm-2) RH(%)
0
5
10
15
20
25
30
35
40
0 10 20 30 40 50 60
Time(min)
D
eg
re
e 
C
0
20
40
60
80
100
120
140
bp
m
tau tsk HR(bpm)
Total sweat production(gh-1): 295
Subjective responses
Sensation
-5
-4
-3
-2
-1
0
1
2
3
4
5
0 5 10 15 20 25 30 35 40 45 50 55 60
Time(min)
Extremely hot
Cold
Cool
Slightly cool
Neutral
Slightly warm
Warm
Hot
Very hot
Very cold
Extremely cold 1
2
3
4
0 5 10 15 20 25 30 35 40 45 50 55 60
Time(min)
1
2
3
4
Comfort Stickiness
Not sticky
Slightly sticky
Sticky
Not uncomfortable
Slightly uncomfortable
Uncomfortable
Very uncomfortable Very sticky
Preference
-3
-2
-1
0
1
2
3
0 5 10 15 20 25 30 35 40 45 50 55 60
Time(min)
Much warmer
Much cooler
Cooler
Slightly cooler
No change
Slightly  warmer
Warmer
Pleasantness
-3
-2
-1
0
1
2
3
0 5 10 15 20 25 30 35 40 45 50 55 60
Time(min)
Very unpleasant
Unpleasant
Slightly unpleasant
Neither pleasant nor 
unpleasant
Slightly pleasant
Pleasant
Very pleasant
Borg's RPE
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
0 5 10 15 20 25 30 35 40 45 50 55 60
Time(min)
No exertion at all
Maximal exertion
Extremely hard
Very hard
Hard(heavy)
Somewhat hard
Light
Very light
Extremely light
Acceptance & satisfaction
Time(min) 0 5 10 15 20 25 30 35 40 45 50 55 60
Acceptance* 0 0 0 0 0 0 0 0 0 0 0 0 0
Satisfaction** 0 0 0 0 0 0 0 0 0 0 0 0 0
* 0; acceptable 1; unacceptable
** 0; satisfied  1; dissatisfied
Figure C. 29 Individual data for participant 124MI. 
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Figure C. 30 Individual data for participant 125MI. 
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Figure C. 31 Individual data for participant 130MI. 
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Figure C. 32 Individual data for participant 128MI. 
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0.1.1.3 C.1.3 Short sleeved t-shirts and sweat shirts
Results for male participants are shown from Figure C. 33 to Figure C. 47. They wore 
short sleeved t-shirts, grey sweat shirt blue jeans, underwear, socks and trainers which 
provided 0.96clo.
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Figure C. 33 Individual data for participant 17MI. 
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Figure C. 34 Individual data for participant 19MI. 
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Figure C. 35 Individual data for participant 54MI. 
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Figure C. 36 Individual data for participant 55MI. 
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Figure C. 37 Individual data for participant 58MI. 
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Figure C. 38 Individual data for participant 61MI. 
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Figure C. 39 Individual data for participant 62MI. 
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Figure C. 40 Individual data for participant 63MI. 
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Figure C. 41 Individual data for participant 64MI. 
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Figure C. 42 Individual data for participant 66MI. 
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Figure C. 43 Individual data for participant 67MI. 
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Figure C. 44 Individual data for participant 69MI. 
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Figure C. 45 Individual data for participant 78MI. 
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Environmental conditions Physiological responses
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Figure C. 46 Individual data for participant 81MI.
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Figure C. 47 Individual data for participant 129MI. 
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0.1.1.4 C.1.4 Long sleeved shirts and sweat shirts
Results for male participants are shown from Figure C. 48 to Figure C. 58. They wore 
long  sleeved shirts,  sweat  shirts,  blue  jeans,  underwear,  socks  and trainers  which 
provided 1.07clo.
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Figure C. 48 Individual data for participant 7MI. 
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Figure C. 49 Individual data for participant 12MI. 
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Figure C. 50 Individual data for participant 14MI. 
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0
10
20
30
40
50
60
70
80
0 10 20 30 40 50 60
Time(min)
D
eg
re
e 
C
 o
r m
/s
0
100
200
300
400
500
600
700
800
900
%
 o
r W
m
-2
tr(°C) v(m/s) ta(°C) SR(Wm-2) RH(%)
0
5
10
15
20
25
30
35
40
0 10 20 30 40 50 60
Time(min)
D
eg
re
e 
C
0
20
40
60
80
100
120
140
bp
m
tau tsk HR(bpm)
Total sweat production(gh-1): 269
Subjective responses
Sensation
-5
-4
-3
-2
-1
0
1
2
3
4
5
0 10 20 30 40 50 60
Time(min)
Extremely hot
Cold
Cool
Slightly cool
Neutral
Slightly warm
Warm
Hot
Very hot
Very cold
Extremely cold 1
2
3
4
0 10 20 30 40 50 60
Time(min)
1
2
3
4
Comfort Stickiness
Very uncomfortable
Not sticky
Slightly sticky
Sticky
Very sticky
Not uncomfortable
Slightly uncomfortable
Uncomfortable
Preference
-3
-2
-1
0
1
2
3
0 10 20 30 40 50 60
Time(min)
Much warmer
Much cooler
Cooler
Slightly cooler
No change
Slightly  warmer
Warmer
Pleasantness
-3
-2
-1
0
1
2
3
0 10 20 30 40 50 60
Time(min)
Very unpleasant
Unpleasant
Slightly unpleasant
Neither pleasant nor 
unpleasant
Slightly pleasant
Pleasant
Very pleasant
Borg's RPE
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
0 10 20 30 40 50 60
Time(min)
No exertion at all
Maximal exertion
Extremely hard
Very hard
Hard(heavy)
Somewhat hard
Light
Very light
Extremely light
Acceptance & satisfaction
Time(min) 0 5 10 15 20 25 30 35 40 45 50 55 60
Acceptance* 0 0 0 0 1 1 1 1 0 1 1 1 1
Satisfaction** 0 0 1 1 1 1 1 1 0 1 1 1 1
* 0; acceptable 1; unacceptable
** 0; satisfied  1; dissatisfied
Figure C. 51 Individual data for participant 26MI. 
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Environmental conditions Physiological responses
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Figure C. 52 Individual data for participant 34MI. 
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Environmental conditions Physiological responses
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Figure C. 53 Individual data for participant 36MI. 
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Figure C. 54 Individual data for participant 38MI. 
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Environmental conditions Physiological responses
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Figure C. 55 Individual data for participant 45MI. 
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Environmental conditions Physiological responses
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Figure C. 56 Individual data for participant 46MI. 
60
Environmental conditions Physiological responses
0
10
20
30
40
50
60
0 10 20 30 40 50 60
Time(min)
D
eg
re
e 
C
 o
r m
/s
0
100
200
300
400
500
600
700
800
900
%
 o
r W
m
-2
tr(°C) v(m/s) ta(°C) SR(Wm-2) RH(%)
0
5
10
15
20
25
30
35
40
0 10 20 30 40 50 60
Time(min)
D
eg
re
e 
C
0
20
40
60
80
100
120
140
bp
m
tau tsk HR(bpm)
Total sweat production(gh-1): 88
Subjective responses
Sensation
-5
-4
-3
-2
-1
0
1
2
3
4
5
0 5 10 15 20 25 30 35 40 45 50 55 60
Time(min)
Extremely hot
Cold
Cool
Slightly cool
Neutral
Slightly warm
Warm
Hot
Very hot
Very cold
Extremely cold 1
2
3
4
0 5 10 15 20 25 30 35 40 45 50 55 60
Time(min)
1
2
3
4
Comfort Stickiness
Very uncomfortable
Not sticky
Slightly sticky
Sticky
Very sticky
Not uncomfortable
Slightly uncomfortable
Uncomfortable
Preference
-3
-2
-1
0
1
2
3
0 5 10 15 20 25 30 35 40 45 50 55 60
Time(min)
Much warmer
Much cooler
Cooler
Slightly cooler
No change
Slightly  warmer
Warmer
Pleasantness
-3
-2
-1
0
1
2
3
0 5 10 15 20 25 30 35 40 45 50 55 60
Time(min)
Very unpleasant
Unpleasant
Slightly unpleasant
Neither pleasant nor 
unpleasant
Slightly pleasant
Pleasant
Very pleasant
Borg's RPE
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
0 5 10 15 20 25 30 35 40 45 50 55 60
Time(min)
No exertion at all
Maximal exertion
Extremely hard
Very hard
Hard(heavy)
Somewhat hard
Light
Very light
Extremely light
Acceptance & satisfaction
Time(min) 0 5 10 15 20 25 30 35 40 45 50 55 60
Acceptance* 0 0 0 0 0 0 0 0 0 0 0 0 0
Satisfaction** 0 0 0 0 0 0 0 0 0 0 0 0 0
* 0; acceptable 1; unacceptable
** 0; satisfied  1; dissatisfied
Figure C. 57 Individual data for participant 48MI. 
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Environmental conditions Physiological responses
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Figure C. 58 Individual data for participant 65MI. 
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0.1.2 C.1.5 Short sleeved t-shirts, long sleeved shirts and sweat 
shirts 
Results for male participants are shown from Figure C. 59 to Figure C. 65. They wore 
short sleeved t-shirts, long sleeved shirt, sweat shirt, blue jeans, underwear, socks and 
trainers which provided 1.13clo.
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Figure C. 59 Individual data for participant 13MI. 
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Environmental conditions Physiological responses
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Figure C. 60 Individual data for participant 15MI. 
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Environmental conditions Physiological responses
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Figure C. 61 Individual data for participant 18MI. 
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Environmental conditions Physiological responses
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Figure C. 62 Individual data for participant 20MI. 
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Environmental conditions Physiological responses
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Figure C. 63 Individual data for participant 37MI. 
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Environmental conditions Physiological responses
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Figure C. 64 Individual data for participant 42MI. 
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Environmental conditions Physiological responses
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Figure C. 65 Individual data for participant 47MI. 
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0.2 C.2 Individual female database depending on clothing
0.2.1.1 C.2.1 White short sleeved t-shirts
Results for female participants are shown from Figure C. 66 to  Figure C. 82. They 
wore short sleeved t-shirts, blue jeans, underwear, socks and trainers which provided 
0.59clo.
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Figure C. 66 Individual data for participant 3FI. 
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Environmental conditions Physiological responses
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Figure C. 67 Individual data for participant 6FI. 
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Environmental conditions Physiological responses
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Figure C. 68 Individual data for participant 71FI. 
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Environmental conditions Physiological responses
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Figure C. 69 Individual data for participant 72FI. 
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Figure C. 70 Individual data for participant 74FI. 
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Figure C. 71 Individual data for participant 76FI. 
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Figure C. 72 Individual data for participant 84FI. 
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Figure C. 73 Individual data for participant 86FI. 
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Figure C. 74 Individual data for participant 87FI. 
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Figure C. 75 Individual data for participant 90FI. 
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Figure C. 76 Individual data for participant 95FI. 
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Figure C. 77 Individual data for participant 97FI. 
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Figure C. 78 Individual data for participant 100FI. 
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Figure C. 79 Individual data for participant 101FI. 
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Figure C. 80 Individual data for participant 109FI. 
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Figure C. 81 Individual data for participant 112FI. 
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Figure C. 82 Individual data for participant 113FI. 
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0.2.1.2 C.2.2 Short sleeved t-shirts and long sleeved shirts
Results for female participants are shown from Figure C. 83 to  Figure C. 97. They 
wore  short  sleeved  t-shirts,  long  sleeved  shirt,  blue  jeans,  underwear,  socks  and 
trainers which provided 0.85clo.
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Figure C. 83 Individual data for participant 73FI. 
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Figure C. 84 Individual data for participant 83FI. 
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Figure C. 85 Individual data for participant 88FI. 
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Figure C. 86 Individual data for participant 89FI. 
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Figure C. 87 Individual data for participant 91FI. 
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Figure C. 88 Individual data for participant 96FI. 
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Figure C. 89 Individual data for participant 98FI. 
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Figure C. 90 Individual data for participant 99FI. 
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Figure C. 91 Individual data for participant 103FI. 
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Figure C. 92 Individual data for participant 115FI. 
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Figure C. 93 Individual data for participant 116FI. 
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Figure C. 94 Individual data for participant 117FI. 
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Figure C. 95 Individual data for participant 119FI. 
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Figure C. 96 Individual data for participant 121FI. 
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Figure C. 97 Individual data for participant 127FI. 
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0.2.1.3 C.2.3 Short sleeved t-shirts and sweat shirts
Results for female participants are shown from Figure C. 98 to Figure C. 112. They 
wore  short  sleeved  t-shirts,  sweat  shirt,  blue  jeans,  underwear,  socks  and trainers 
which provided 0.96clo.
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Figure C. 98 Individual data for participant 40FI.
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Figure C. 99 Individual data for participant 41FI. 
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Figure C. 100 Individual data for participant 43FI. 
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Figure C. 101 Individual data for participant 44FI. 
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Figure C. 102 Individual data for participant 51FI. 
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Figure C. 103 Individual data for participant 52FI. 
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Figure C. 104 Individual data for participant 53FI. 
108
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Figure C. 105 Individual data for participant 59FI. 
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Environmental conditions Physiological responses
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Figure C. 106 Individual data for participant 60FI. 
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Environmental conditions Physiological responses
0
10
20
30
40
50
60
0 10 20 30 40 50 60
Time(min)
D
eg
re
e 
C
 o
r m
/s
0
100
200
300
400
500
600
700
800
900
%
 o
r W
m
-2
tr(°C) v(m/s) ta(°C) SR(Wm-2) RH(%)
0
5
10
15
20
25
30
35
40
0 10 20 30 40 50 60
Time(min)
D
eg
re
e 
C
0
20
40
60
80
100
120
140
bp
m
tau tsk HR(bpm)
Total sweat production(gh-1): 80
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Figure C. 107 Individual data for participant 68FI. 
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Environmental conditions Physiological responses
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Figure C. 108 Individual data for participant 79FI. 
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Environmental conditions Physiological responses
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Figure C. 109 Individual data for participant 82FI. 
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Environmental conditions Physiological responses
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Figure C. 110 Individual data for participant 92FI. 
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Environmental conditions Physiological responses
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Figure C. 111 Individual data for participant 93FI. 
115
Environmental conditions Physiological responses
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Figure C. 112 Individual data for participant 94FI. 
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0.2.1.4 C.2.4 Long sleeved shirts and sweat shirts
Results for female participants are shown from Figure C. 113 to Figure C. 121. They 
wore long sleeved shirts, sweat shirt, blue jeans, underwear, socks and trainers which 
provided 1.07clo.
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Figure C. 113 Individual data for participant 8FI. 
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Environmental conditions Physiological responses
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Figure C. 114 Individual data for participant 27FI. 
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Environmental conditions Physiological responses
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Figure C. 115 Individual data for participant 29FI. 
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Environmental conditions Physiological responses
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Figure C. 116 Individual data for participant 30FI. 
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Environmental conditions Physiological responses
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Figure C. 117 Individual data for participant 31FI. 
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Environmental conditions Physiological responses
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Figure C. 118 Individual data for participant 35FI. 
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Environmental conditions Physiological responses
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Figure C. 119 Individual data for participant 39FI. 
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Environmental conditions Physiological responses
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Figure C. 120 Individual data for participant 49FI. 
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Environmental conditions Physiological responses
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Figure C. 121 Individual data for participant 50FI. 
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0.2.1.5 C.2.5 Short sleeved t-shirts, long sleeved shirts and sweat shirts
Results for female participants are shown from Figure C. 122 to Figure C. 130. They 
wore short  sleeved t-shirts,  long sleeved shirt,  sweat  shirt,  blue jeans,  underwear, 
socks and trainers which provided 1.13clo.
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Figure C. 122 Individual data for participant 16FI. 
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Environmental conditions Physiological responses
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Figure C. 123 Individual data for participant 21FI. 
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Environmental conditions Physiological responses
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Figure C. 124 Individual data for participant 22FI. 
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Environmental conditions Physiological responses
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Figure C. 125 Individual data for participant 23FI. 
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Environmental conditions Physiological responses
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Figure C. 126 Individual data for participant 24FI. 
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Environmental conditions Physiological responses
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Figure C. 127 Individual data for participant 25FI. 
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Environmental conditions Physiological responses
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Figure C. 128 Individual data for participant 28FI. 
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Environmental conditions Physiological responses
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Figure C. 129 Individual data for participant 32FI. 
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Figure C. 130 Individual data for participant 33FI. 
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Appendix D
Statistics
0.3 D.1 t-test for wind speed at 1.5m and 3m
Chapter 7 was considered about the comparison of wind speed measured at 1.5m and 
3m(Table D. 1).
Table D. 1 Paired sample test for wind speed
Paired Differences
Mean SD SEM
95% Confidence Interval of the Difference
t df Sig. (2-tailed)
Lower Upper
Height3m - Height1.5m .05249 .50496 .01851 .01615 .08883 2.835 743 .005
0.4 D.2 Correlation of physiological responses with environmental 
and subjective responses 
Chapter 8 considered the analysis by correlation. The statistical outcomes in section 
8.4.2 were shown in Table D. 2 to Table D. 7.
Table D. 2 Pearson correlation of physiological responses with environmental conditions for all 
participants
  tr SR ta Ø v Avgtr AvgSR Avgta Avg Ø Avgv
tau Pearson Correlation .210** .156** .303** -.184** -.091** .254** .217* .362** -0.129 -.290**
Sig. (2-tailed) 0 0 0 0 0 0.004 0.013 0 0.144 0.001
N 7930 7930 1233 1220 7930 130 130 130 130 130
tsk Pearson Correlation .684** .598** .571** -.444** -.084** .643** .606** .568** -.449** -0.156
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0.075
N 7930 7930 1233 1220 7930 130 130 130 130 130
HR Pearson Correlation .152** .101** .144** -.114** -.062** .221* 0.162 .248** -0.096 -0.127
Sig. (2-tailed) 0 0 0 0 0 0.012 0.067 0.005 0.281 0.151
N 7875 7875 1232 1219 7875 129 129 129 129 129
SL Pearson Correlation .476** .358** .644** -.303** -0.096 .558** .450** .665** -.323** -.193*
Sig. (2-tailed) 0 0 0 0 0.276 0 0 0 0 0.027
N 130 130 130 130 130 130 130 130 130 130
**. Correlation is significant at the 0.01 level (2-tailed). 
*. Correlation is significant at the 0.05 level (2-tailed). 
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Table D. 3 Spearman correlation of physiological responses with subjective responses for all 
participants
Sensation Comfort Stickiness Preference Pleasantness Acceptance Satisfaction BorgsRPE
tr Correlation Coefficient .329** -0.026 .243** -.306** .102** -.163** -.193** .155**
Sig. (2-tailed) 0 0.296 0 0 0 0 0 0
N 1588 1588 1588 1588 1587 1588 1588 1588
SR Correlation Coefficient .275** -0.032 .168** -.266** .098** -.129** -.145** .097**
Sig. (2-tailed) 0 0.198 0 0 0 0 0 0
N 1588 1588 1588 1588 1587 1588 1588 1588
ta Correlation Coefficient .441** -0.018 .377** -.420** .142** -.202** -.278** .244**
Sig. (2-tailed) 0 0.526 0 0 0 0 0 0
N 1220 1220 1220 1220 1219 1220 1220 1220
Ø Correlation Coefficient 0.019 0.01 -.073* -.067* -.089** -0.028 0.05 -.192**
Sig. (2-tailed) 0.509 0.72 0.01 0.02 0.002 0.333 0.081 0
N 1219 1219 1219 1219 1218 1219 1219 1219
v Correlation Coefficient -.204** .078** -.100** .180** -.062* .106** .117** -0.042
Sig. (2-tailed) 0 0.002 0 0 0.013 0 0 0.092
N 1588 1588 1588 1588 1587 1588 1588 1588
clo Correlation Coefficient -.336** -.003 -.327** .369** -.078** .195** .245** -.151**
Sig. (2-tailed) 0 .886 0 0 0 0 0 0
N 1588 1588 1588 1588 1587 1588 1588 1588
tau Correlation Coefficient .229** 0.006 .318** -.278** -.050* 0.003 0.026 .223**
Sig. (2-tailed) 0 0.796 0 0 0.045 0.917 0.297 0
N 1588 1588 1588 1588 1587 1588 1588 1588
tsk Correlation Coefficient .295** -0.022 .188** -.304** .078** -.156** -.191** .132**
Sig. (2-tailed) 0 0.385 0 0 0.002 0 0 0
N 1588 1588 1588 1588 1587 1588 1588 1588
HR Correlation Coefficient .134** 0.037 .201** -.128** 0 -0.032 0.006 .108**
Sig. (2-tailed) 0 0.143 0 0 0.984 0.198 0.825 0
N 1587 1587 1587 1587 1586 1587 1587 1587
Met Correlation Coefficient 0.021 -.103** 0.044 -0.024 .112** -.066** -.067** -.123**
Sig. (2-tailed) 0.412 0 0.077 0.344 0 0.008 0.007 0
N 1588 1588 1588 1588 1587 1588 1588 1588
SL Correlation Coefficient .442** 0.134 .523** -.471** -0.046 -0.098 -0.095 .198*
Sig. (2-tailed) 0 0.129 0 0 0.604 0.266 0.282 0.024
N 130 130 130 130 129 130 130 130
**. Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).
Table D. 4 Pearson correlation of physiological responses with environmental conditions for male 
participants
  tr SR ta Ø v Avgtr AvgSR Avgta Avg Ø Avgv
tau Pearson Correlation .178** .117** .231** -.091* -.094** 0.1 0.062 0.154 0.014 -0.211
Sig. (2-tailed) 0 0 0 0.027 0 0.427 0.626 0.221 0.909 0.092
N 3965 3965 587 587 3965 65 65 65 65 65
tsk Pearson Correlation .637** .560** .484** -.444** 0.019 .570** .545** .415** -.443** 0.008
Sig. (2-tailed) 0 0 0 0 0.24 0 0 0.001 0 0.948
N 3965 3965 587 587 3965 65 65 65 65 65
HR Pearson Correlation .147** .094** 0.076 0.057 -.060** 0.196 0.13 0.199 -0.032 -0.139
Sig. (2-tailed) 0 0 0.067 0.169 0 0.118 0.302 0.112 0.8 0.27
N 3965 3965 587 587 3965 65 65 65 65 65
SL Pearson Correlation .474** .283* .660** -.301* -0.048 .594** .424** .691** -.332** -0.099
Sig. (2-tailed) 0 0.022 0 0.015 0.705 0 0 0 0.007 0.432
N 65 65 65 65 65 65 65 65 65 65
**. Correlation is significant at the 0.01 level (2-tailed). 
*. Correlation is significant at the 0.05 level (2-tailed). 
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Table D. 5 Spearman correlation of subjective responses with environmental and physiological 
responses for male participants
  Sensation Comfort Stickiness Preference Pleasantness Acceptance Satisfaction BorgsRPE
tr Correlation Coefficient .267** -0.019 .207** -.340** .074* -.089* -.206** .138**
Sig. (2-tailed) 0 0.603 0 0 0.04 0.013 0 0
N 767 767 767 767 767 767 767 767
SR Correlation Coefficient .216** -0.056 .088* -.251** .110** -0.069 -.162** .077*
Sig. (2-tailed) 0 0.123 0.015 0 0.002 0.057 0 0.033
N 767 767 767 767 767 767 767 767
ta Correlation Coefficient .461** .085* .451** -.542** 0.039 -.225** -.312** .243**
Sig. (2-tailed) 0 0.039 0 0 0.347 0 0 0
N 587 587 587 587 587 587 587 587
Ø Correlation Coefficient 0.041 -0.037 0.014 -0.031 -0.038 -.108** 0.075 -.189**
Sig. (2-tailed) 0.324 0.372 0.734 0.448 0.358 0.009 0.069 0
N 587 587 587 587 587 587 587 587
v Correlation Coefficient -.154** 0.053 -.097** .154** -0.04 .128** .096** 0.029
Sig. (2-tailed) 0 0.142 0.007 0 0.268 0 0.008 0.425
N 767 767 767 767 767 767 767 767
tau Correlation Coefficient .113** 0.066 .289** -.175** -.167** .108** .114** .236**
Sig. (2-tailed) 0.002 0.069 0 0 0 0.003 0.002 0
N 767 767 767 767 767 767 767 767
tsk Correlation Coefficient .120** -0.037 0.006 -.234** .099** -.142** -.209** 0.034
Sig. (2-tailed) 0.001 0.302 0.865 0 0.006 0 0 0.35
N 767 767 767 767 767 767 767 767
HR Correlation Coefficient 0.042 0.054 .144** -0.059 0.054 0.049 0.042 0.022
Sig. (2-tailed) 0.241 0.137 0 0.1 0.139 0.174 0.25 0.543
N 767 767 767 767 767 767 767 767
Met Correlation Coefficient -0.024 -0.058 .104** 0.044 .073* .072* 0 0.045
Sig. (2-tailed) 0.507 0.106 0.004 0.226 0.042 0.046 0.995 0.209
N 767 767 767 767 767 767 767 767
clo Correlation Coefficient -.431** -.101** -.459** .550** -0.03 .246** .286** -.205**
Sig. (2-tailed) 0 0.005 0 0 0.408 0 0 0
N 767 767 767 767 767 767 767 767
SL Correlation Coefficient .476** 0.206 .639** -.560** -0.237 -0.041 -0.013 .247*
Sig. (2-tailed) 0 0.1 0 0 0.058 0.745 0.921 0.048
N 65 65 65 65 65 65 65 65
Avgtr Correlation Coefficient .304* -0.004 .311* -.383** 0.035 0.094 -0.069 0.21
Sig. (2-tailed) 0.014 0.978 0.012 0.002 0.781 0.458 0.583 0.093
N 65 65 65 65 65 65 65 65
AvgSR Correlation Coefficient 0.225 -0.02 0.214 -.257* 0.122 0.104 0.01 0.2
Sig. (2-tailed) 0.071 0.874 0.086 0.039 0.333 0.412 0.936 0.111
N 65 65 65 65 65 65 65 65
Avgta Correlation Coefficient .508** 0.136 .575** -.596** -0.098 -0.203 -0.228 .327**
Sig. (2-tailed) 0 0.281 0 0 0.438 0.104 0.067 0.008
N 65 65 65 65 65 65 65 65
Avg Ø Correlation Coefficient 0.014 -0.062 -0.048 -0.003 0.001 -0.136 -0.067 -0.228
Sig. (2-tailed) 0.913 0.626 0.706 0.982 0.992 0.28 0.596 0.067
N 65 65 65 65 65 65 65 65
Avgv Correlation Coefficient -0.224 0.083 -0.078 0.215 0.016 .256* 0.172 0.071
Sig. (2-tailed) 0.073 0.51 0.538 0.085 0.901 0.04 0.172 0.576
N 65 65 65 65 65 65 65 65
**. Correlation is significant at the 0.01 level (2-tailed). 
*. Correlation is significant at the 0.05 level (2-tailed). 
Table D. 6 Pearson correlation of physiological responses with environmental conditions for 
female participants
  tr SR ta Ø v Avgtr AvgSR Avgta Avg Ø Avgv
tau Pearson Correlation .201** .156** .355** -.150** -.173** .354** .325** .523** -0.173 -.442**
Sig. (2-tailed) 0 0 0 0 0 0.004 0.008 0 0.167 0
N 3965 3965 646 633 3965 65 65 65 65 65
tsk Pearson Correlation .727** .632** .641** -.441** -.184** .713** .668** .715** -.448** -.333**
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0.007
N 3965 3965 646 633 3965 65 65 65 65 65
HR Pearson Correlation .112** .065** .165** -.120** -.145** 0.198 0.14 .275* -0.018 -.246*
Sig. (2-tailed) 0 0 0 0.003 0 0.116 0.271 0.028 0.888 0.05
N 3910 3910 645 632 3910 64 64 64 64 64
SL Pearson Correlation .537** .505** .695** -.419** -0.1 .594** .561** .702** -.450** -.253*
Sig. (2-tailed) 0 0 0 0.001 0.417 0 0 0 0 0.042
N 65 65 65 65 65 65 65 65 65 65
**. Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).
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Table D. 7 Spearman correlation of subjective responses with environmental and physiological 
responses for female participants
  Sensation Comfort Stickiness Preference Pleasantness Acceptance Satisfaction BorgsRPE
tr Correlation 
Coefficient .386
** -0.029 .268** -.278** .124** -.233** -.200** .155**
Sig. (2-tailed) 0 0.401 0 0 0 0 0 0
N 821 821 821 821 820 821 821 821
SR Correlation 
Coefficient .326
** -0.018 .228** -.277** .093** -.191** -.143** .092**
Sig. (2-tailed) 0 0.604 0 0 0.008 0 0 0.008
N 821 821 821 821 820 821 821 821
ta Correlation 
Coefficient .423
** -.092* .318** -.326** .214** -.199** -.268** .233**
Sig. (2-tailed) 0 0.021 0 0 0 0 0 0
N 633 633 633 633 632 633 633 633
Ø Correlation 
Coefficient -0.014 0.027 -.140
** -.086* -.124** 0.073 0.067 -.137**
Sig. (2-tailed) 0.723 0.493 0 0.031 0.002 0.068 0.095 0.001
N 632 632 632 632 631 632 632 632
v Correlation 
Coefficient -.253
** .111** -.125** .206** -.090* .098** .142** -.146**
Sig. (2-tailed) 0 0.001 0 0 0.01 0.005 0 0
N 821 821 821 821 820 821 821 821
tau Correlation 
Coefficient .345
** -0.034 .335** -.400** 0.04 -.103** -0.066 .179**
Sig. (2-tailed) 0 0.325 0 0 0.258 0.003 0.058 0
N 821 821 821 821 820 821 821 821
tsk Correlation 
Coefficient .436
** -0.021 .337** -.357** .079* -.177** -.188** .220**
Sig. (2-tailed) 0 0.551 0 0 0.023 0 0 0
N 821 821 821 821 820 821 821 821
HR Correlation 
Coefficient .210
** 0.019 .208** -.170** -0.041 -.100** -0.037 .126**
Sig. (2-tailed) 0 0.593 0 0 0.245 0.004 0.29 0
N 820 820 820 820 819 820 820 820
Met Correlation 
Coefficient .080
* -.169** .073* -.090** .160** -.185** -.099** -.218**
Sig. (2-tailed) 0.021 0 0.037 0.01 0 0 0.005 0
N 821 821 821 821 820 821 821 821
clo Correlation 
Coefficient -.418
** .071* -.325** .379** -.153** .194** .263** -.174**
Sig. (2-tailed) 0 0.042 0 0 0 0 0 0
N 821 821 821 821 820 821 821 821
SL Correlation 
Coefficient .446
** 0.045 .465** -.401** 0.144 -0.164 -0.172 0.171
Sig. (2-tailed) 0 0.724 0 0.001 0.256 0.193 0.17 0.174
N 65 65 65 65 64 65 65 65
Avgtr Correlation 
Coefficient .371
** -0.079 .302* -.290* 0.206 -0.219 -.263* 0.228
Sig. (2-tailed) 0.002 0.531 0.014 0.019 0.103 0.079 0.034 0.068
N 65 65 65 65 64 65 65 65
AvgSR Correlation 
Coefficient .281
* -0.115 .277* -0.235 0.237 -0.224 -0.22 0.15
Sig. (2-tailed) 0.023 0.362 0.026 0.059 0.06 0.073 0.078 0.232
N 65 65 65 65 64 65 65 65
Avgta Correlation 
Coefficient .518
** -0.095 .410** -.429** .260* -.245* -.252* .310*
Sig. (2-tailed) 0 0.451 0.001 0 0.038 0.049 0.043 0.012
N 65 65 65 65 64 65 65 65
Avg Ø Correlation 
Coefficient -0.044 0.177 -0.076 -0.067 -.311
* 0.035 0.093 -0.15
Sig. (2-tailed) 0.725 0.158 0.549 0.596 0.012 0.781 0.46 0.232
N 65 65 65 65 64 65 65 65
Avgv Correlation 
Coefficient -.334
** 0.127 -.262* 0.234 -0.035 0.169 0.183 -.258*
Sig. (2-tailed) 0.007 0.312 0.035 0.06 0.786 0.178 0.143 0.038
N 65 65 65 65 64 65 65 65
**. Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).
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0.6 D.3 Difference between participants for group A
The statistical outcomes in section 9.4 were shown in Table D. 8 to Table D. 16.
Table D. 8 paired t-test of aural temperature between participants of group A
Paired Samples Test
 Paired Differences
 
Mean SD
Std. 
Error 
Mean
95% Confidence Interval of the Difference
t df
Sig. (2-
tailed) Lower Upper
MGA131 - MGA132 -0.9344 0.1483 0.01898 -0.9724 -0.89645 -49.22 60 0
MGA131 - MGA133 -0.5107 0.1815 0.02324 -0.55714 -0.46417 -21.97 60 0
MGA131 - MGA134 -0.7221 0.2178 0.02788 -0.7779 -0.66636 -25.9 60 0
MGA131 - MGA135 -0.7057 0.2313 0.02962 -0.76498 -0.64649 -23.83 60 0
MGA131 - MGA136 -0.5963 0.2946 0.03772 -0.67177 -0.52085 -15.81 60 0
MGA131 - MGA137 -0.8475 0.1352 0.01731 -0.88217 -0.81291 -48.95 60 0
MGA131 - MGA138 -0.5639 0.2086 0.02671 -0.61736 -0.51051 -21.12 60 0
MGA131 - MGA139 -0.5029 0.2253 0.02884 -0.56057 -0.44517 -17.43 60 0
MGA131 - MGA140 -0.2967 0.1527 0.01954 -0.33582 -0.25763 -15.18 60 0
MGA132 - MGA133 0.42377 0.2083 0.02667 0.37041 0.47713 15.886 60 0
MGA132 - MGA134 0.2123 0.2463 0.03154 0.14921 0.27538 6.731 60 0
MGA132 - MGA135 0.22869 0.2614 0.03347 0.16173 0.29565 6.832 60 0
MGA132 - MGA136 0.33811 0.3374 0.0432 0.2517 0.42453 7.827 60 0
MGA132 - MGA137 0.08689 0.0961 0.01231 0.06226 0.11151 7.059 60 0
MGA132 - MGA138 0.37049 0.2278 0.02917 0.31214 0.42884 12.701 60 0
MGA132 - MGA139 0.43156 0.1573 0.02014 0.39127 0.47185 21.426 60 0
MGA132 - MGA140 0.6377 0.1409 0.01804 0.60162 0.67379 35.355 60 0
MGA133 - MGA134 -0.2115 0.0627 0.00803 -0.22753 -0.19542 -26.35 60 0
MGA133 - MGA135 -0.1951 0.0836 0.01071 -0.2165 -0.17366 -18.22 60 0
MGA133 - MGA136 -0.0857 0.1436 0.01839 -0.12244 -0.04887 -4.658 60 0
MGA133 - MGA137 -0.3369 0.1348 0.01726 -0.37142 -0.30235 -19.52 60 0
MGA133 - MGA138 -0.0533 0.0596 0.00763 -0.06854 -0.03802 -6.982 60 0
MGA133 - MGA139 0.00779 0.2779 0.03558 -0.06338 0.07896 0.219 60 0.828
MGA133 - MGA140 0.21393 0.1126 0.01442 0.1851 0.24277 14.84 60 0
MGA135 - MGA136 0.10943 0.0988 0.01265 0.08413 0.13473 8.652 60 0
MGA135 - MGA137 -0.1418 0.1876 0.02402 -0.18984 -0.09376 -5.905 60 0
MGA135 - MGA138 0.1418 0.0463 0.00592 0.12996 0.15365 23.941 60 0
MGA135 - MGA139 0.20287 0.312 0.03995 0.12297 0.28277 5.079 60 0
MGA135 - MGA140 0.40902 0.1532 0.01962 0.36977 0.44826 20.848 60 0
MGA134 - MGA135 0.01639 0.0468 0.00599 0.00442 0.02837 2.739 60 0.008
MGA134 - MGA136 0.12582 0.1018 0.01304 0.09974 0.1519 9.65 60 0
MGA134 - MGA137 -0.1254 0.1708 0.02187 -0.16916 -0.08166 -5.734 60 0
MGA134 - MGA138 0.1582 0.0444 0.00569 0.14682 0.16957 27.814 60 0
MGA134 - MGA139 0.21926 0.312 0.03995 0.13935 0.29918 5.488 60 0
MGA134 - MGA140 0.42541 0.1339 0.01714 0.39112 0.4597 24.815 60 0
MGA136 - MGA137 -0.2512 0.2606 0.03337 -0.31798 -0.18448 -7.528 60 0
MGA136 - MGA138 0.03238 0.1227 0.01571 0.00095 0.0638 2.061 60 0.044
MGA136 - MGA139 0.09344 0.3967 0.05079 -0.00816 0.19504 1.84 60 0.071
MGA136 - MGA140 0.29959 0.228 0.0292 0.24119 0.35799 10.262 60 0
MGA137 - MGA138 0.28361 0.154 0.01972 0.24416 0.32306 14.38 60 0
MGA137 - MGA139 0.34467 0.1965 0.02516 0.29435 0.39499 13.701 60 0
MGA137 - MGA140 0.55082 0.0713 0.00913 0.53256 0.56908 60.343 60 0
MGA138 - MGA139 0.06107 0.2844 0.03641 -0.01177 0.1339 1.677 60 0.099
MGA138 - MGA140 0.26721 0.1253 0.01604 0.23512 0.2993 16.657 60 0
MGA139 - MGA140 0.20615 0.2176 0.02785 0.15043 0.26186 7.401 60 0
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Table D. 9 paired t-test for heart rate between participants of group A
Paired Samples Test
 Paired Differences
 
Mean SD
Std. 
Error 
Mean
95% Confidence Interval of the 
Difference
t df
Sig. (2-
tailed) Lower Upper
MGA131 - MGA132 -7.21919 14.7963 1.89448 -11.00871 -3.42968 -3.811 60 0
MGA131 - MGA133 30.33272 12.9932 1.6636 27.00502 33.66042 18.233 60 0
MGA131 - MGA134 12.28491 14.213 1.81979 8.64478 15.92504 6.751 60 0
MGA131 - MGA135 124.28354 12.9598 1.65934 120.96438 127.60271 74.9 60 0
MGA131 - MGA136 33.07316 13.8846 1.77774 29.51715 36.62917 18.604 60 0
MGA131 - MGA137 21.59502 13.4508 1.72219 18.15012 25.03991 12.539 60 0
MGA131 - MGA138 16.1278 13.0948 1.67662 12.77407 19.48154 9.619 60 0
MGA131 - MGA139 40.93928 13.7411 1.75936 37.42003 44.45853 23.269 60 0
MGA131 - MGA140 15.66059 13.1675 1.68592 12.28824 19.03294 9.289 60 0
MGA132 - MGA133 37.55191 8.21422 1.05172 35.44815 39.65567 35.705 60 0
MGA132 - MGA134 19.5041 9.14056 1.17033 17.16309 21.8451 16.665 60 0
MGA132 - MGA135 131.50273 8.40559 1.07623 129.34996 133.6555 122.189 60 0
MGA132 - MGA136 40.29235 8.04774 1.03041 38.23123 42.35347 39.103 60 0
MGA132 - MGA137 28.81421 8.25542 1.057 26.6999 30.92852 27.26 60 0
MGA132 - MGA138 23.34699 9.04709 1.15836 21.02993 25.66406 20.155 60 0
MGA132 - MGA139 48.15847 9.36434 1.19898 45.76015 50.55679 40.166 60 0
MGA132 - MGA140 22.87978 8.06082 1.03208 20.81531 24.94425 22.169 60 0
MGA133 - MGA134 -18.04781 5.32237 0.68146 -19.41094 -16.68469 -26.484 60 0
MGA133 - MGA135 93.95082 2.92931 0.37506 93.20059 94.70105 250.495 60 0
MGA133 - MGA136 2.74044 4.31039 0.55189 1.6365 3.84438 4.966 60 0
MGA133 - MGA137 -8.7377 3.6881 0.47221 -9.68227 -7.79314 -18.504 60 0
MGA133 - MGA138 -14.20492 4.20979 0.53901 -15.2831 -13.12674 -26.354 60 0
MGA133 - MGA139 10.60656 4.97084 0.63645 9.33347 11.87965 16.665 60 0
MGA133 - MGA140 -14.67213 3.54834 0.45432 -15.5809 -13.76336 -32.295 60 0
MGA135 - MGA136 -91.21038 3.50716 0.44905 -92.10861 -90.31216 -203.121 60 0
MGA135 - MGA137 -102.6885 3.10081 0.39702 -103.48268 -101.89437 -258.65 60 0
MGA135 - MGA138 -108.1557 2.17469 0.27844 -108.7127 -107.59877 -388.434 60 0
MGA135 - MGA139 -83.34426 3.60964 0.46217 -84.26873 -82.41979 -180.334 60 0
MGA135 - MGA140 -108.623 1.9422 0.24867 -109.12037 -108.12553 -436.811 60 0
MGA134 - MGA135 111.99863 5.29643 0.67814 110.64215 113.35511 1.65E+02 60 0
MGA134 - MGA136 20.78825 5.91973 0.75794 19.27214 22.30436 27.427 60 0
MGA134 - MGA137 9.31011 5.96799 0.76412 7.78164 10.83858 12.184 60 0
MGA134 - MGA138 3.8429 6.52542 0.83549 2.17166 5.51413 4.6 60 0
MGA134 - MGA139 28.65437 6.89647 0.883 26.8881 30.42064 32.451 60 0
MGA134 - MGA140 3.37568 6.01621 0.7703 1.83486 4.91651 4.382 60 0
MGA136 - MGA137 -11.47814 3.78025 0.48401 -12.44631 -10.50998 -23.715 60 0
MGA136 - MGA138 -16.94536 4.51066 0.57753 -18.10059 -15.79012 -29.341 60 0
MGA136 - MGA139 7.86612 4.92378 0.63043 6.60508 9.12716 12.477 60 0
MGA136 - MGA140 -17.41257 3.63431 0.46533 -18.34336 -16.48178 -37.42 60 0
MGA137 - MGA138 -5.46721 4.09582 0.52442 -6.5162 -4.41822 -10.425 60 0
MGA137 - MGA139 19.34426 5.17031 0.66199 18.02009 20.66844 29.221 60 0
MGA137 - MGA140 -5.93443 3.04017 0.38925 -6.71305 -5.1558 -15.246 60 0
MGA138 - MGA139 24.81148 4.05497 0.51919 23.77295 25.85 47.789 60 0
MGA138 - MGA140 -0.46721 2.93282 0.37551 -1.21834 0.28392 -1.244 60 0.218
MGA139 - MGA140 -25.27869 3.90782 0.50034 -26.27953 -24.27785 -50.523 60 0
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Table D. 10 Mann-Whitney U test for sensation of group A
Ranks Test Statisticsb Ranks Test Statisticsb
Group N Mean Rank Sum of Ranks AMVforGroupA Group N Mean Rank Sum of Ranks AMVforGroupA
1 7 5.71429 40 Mann-Whitney U 12 3 7 6.57143 46 Mann-Whitney U 18
2 7 9.28571 65 Wilcoxon W 40 9 7 8.42857 59 Wilcoxon W 46
Total 14 Z -1.71638 Total 14 Z -1.36277
Asymp. Sig. (2-tailed) 0.08609 Asymp. Sig. (2-tailed) 0.17295
Exact Sig. [2*(1-tailed Sig.)] .128a Exact Sig. [2*(1-tailed Sig.)] .456a
1 7 7 49 Mann-Whitney U 21 0 7 9.64286 67.5 Mann-Whitney U 9.5
3 7 8 56 Wilcoxon W 49 3 7 5.35714 37.5 Wilcoxon W 37.5
Total 14 Z -0.62765 Total 14 Z -2.07553
Asymp. Sig. (2-tailed) 0.53024 Asymp. Sig. (2-tailed) 0.03794
Exact Sig. [2*(1-tailed Sig.)] .710a Exact Sig. [2*(1-tailed Sig.)] .053a
1 7 5.07143 35.5 Mann-Whitney U 7.5 4 7 10.0714 70.5 Mann-Whitney U 6.5
4 7 9.92857 69.5 Wilcoxon W 35.5 5 7 4.92857 34.5 Wilcoxon W 34.5
Total 14 Z -2.44203 Total 14 Z -2.40825
Asymp. Sig. (2-tailed) 0.01461 Asymp. Sig. (2-tailed) 0.01603
Exact Sig. [2*(1-tailed Sig.)] .026a Exact Sig. [2*(1-tailed Sig.)] .017a
1 7 8.78571 61.5 Mann-Whitney U 15.5 4 7 10.1429 71 Mann-Whitney U 6
5 7 6.21429 43.5 Wilcoxon W 43.5 6 7 4.85714 34 Wilcoxon W 34
Total 14 Z -1.25016 Total 14 Z -2.55981
Asymp. Sig. (2-tailed) 0.21124 Asymp. Sig. (2-tailed) 0.01047
Exact Sig. [2*(1-tailed Sig.)] .259a Exact Sig. [2*(1-tailed Sig.)] .017a
1 7 7.85714 55 Mann-Whitney U 22 4 7 7 49 Mann-Whitney U 21
6 7 7.14286 50 Wilcoxon W 50 7 7 8 56 Wilcoxon W 49
Total 14 Z -0.37796 Total 14 Z -0.53748
Asymp. Sig. (2-tailed) 0.70546 Asymp. Sig. (2-tailed) 0.59093
Exact Sig. [2*(1-tailed Sig.)] .805a Exact Sig. [2*(1-tailed Sig.)] .710a
1 7 4.71429 33 Mann-Whitney U 5 4 7 10.3571 72.5 Mann-Whitney U 4.5
7 7 10.2857 72 Wilcoxon W 33 8 7 4.64286 32.5 Wilcoxon W 32.5
Total 14 Z -2.73364 Total 14 Z -2.72554
Asymp. Sig. (2-tailed) 0.00626 Asymp. Sig. (2-tailed) 0.00642
Exact Sig. [2*(1-tailed Sig.)] .011a Exact Sig. [2*(1-tailed Sig.)] .007a
1 7 8.5 59.5 Mann-Whitney U 17.5 4 7 9 63 Mann-Whitney U 14
8 7 6.5 45.5 Wilcoxon W 45.5 9 7 6 42 Wilcoxon W 42
Total 14 Z -1.04083 Total 14 Z -1.61245
Asymp. Sig. (2-tailed) 0.29795 Asymp. Sig. (2-tailed) 0.10686
Exact Sig. [2*(1-tailed Sig.)] .383a Exact Sig. [2*(1-tailed Sig.)] .209a
1 7 6.14286 43 Mann-Whitney U 15 0 7 8.07143 56.5 Mann-Whitney U 20.5
9 7 8.85714 62 Wilcoxon W 43 4 7 6.92857 48.5 Wilcoxon W 48.5
Total 14 Z -1.69265 Total 14 Z -0.5738
Asymp. Sig. (2-tailed) 0.09052 Asymp. Sig. (2-tailed) 0.5661
Exact Sig. [2*(1-tailed Sig.)] .259a Exact Sig. [2*(1-tailed Sig.)] .620a
0 7 9.78571 68.5 Mann-Whitney U 8.5 5 7 6.28571 44 Mann-Whitney U 16
1 7 5.21429 36.5 Wilcoxon W 36.5 6 7 8.71429 61 Wilcoxon W 44
Total 14 Z -2.16426 Total 14 Z -1.15835
Asymp. Sig. (2-tailed) 0.03044 Asymp. Sig. (2-tailed) 0.24672
Exact Sig. [2*(1-tailed Sig.)] .038a Exact Sig. [2*(1-tailed Sig.)] .318a
2 7 9.14286 64 Mann-Whitney U 13 5 7 4.78571 33.5 Mann-Whitney U 5.5
3 7 5.85714 41 Wilcoxon W 41 7 7 10.2143 71.5 Wilcoxon W 33.5
Total 14 Z -1.63613 Total 14 Z -2.57006
Asymp. Sig. (2-tailed) 0.10181 Asymp. Sig. (2-tailed) 0.01017
Exact Sig. [2*(1-tailed Sig.)] .165a Exact Sig. [2*(1-tailed Sig.)] .011a
2 7 7 49 Mann-Whitney U 21 5 7 6.92857 48.5 Mann-Whitney U 20.5
4 7 8 56 Wilcoxon W 49 8 7 8.07143 56.5 Wilcoxon W 48.5
Total 14 Z -0.49001 Total 14 Z -0.5738
Asymp. Sig. (2-tailed) 0.62413 Asymp. Sig. (2-tailed) 0.5661
Exact Sig. [2*(1-tailed Sig.)] .710a Exact Sig. [2*(1-tailed Sig.)] .620a
2 7 9.35714 65.5 Mann-Whitney U 11.5 5 7 5.35714 37.5 Mann-Whitney U 9.5
5 7 5.64286 39.5 Wilcoxon W 39.5 9 7 9.64286 67.5 Wilcoxon W 37.5
Total 14 Z -1.7067 Total 14 Z -2.07553
Asymp. Sig. (2-tailed) 0.08788 Asymp. Sig. (2-tailed) 0.03794
Exact Sig. [2*(1-tailed Sig.)] .097a Exact Sig. [2*(1-tailed Sig.)] .053a
2 7 9.42857 66 Mann-Whitney U 11 0 7 9.92857 69.5 Mann-Whitney U 7.5
6 7 5.57143 39 Wilcoxon W 39 5 7 5.07143 35.5 Wilcoxon W 35.5
Total 14 Z -1.80619 Total 14 Z -2.2772
Asymp. Sig. (2-tailed) 0.07089 Asymp. Sig. (2-tailed) 0.02277
Exact Sig. [2*(1-tailed Sig.)] .097a Exact Sig. [2*(1-tailed Sig.)] .026a
2 7 6.5 45.5 Mann-Whitney U 17.5 6 7 4.57143 32 Mann-Whitney U 4
7 7 8.5 59.5 Wilcoxon W 45.5 7 7 10.4286 73 Wilcoxon W 32
Total 14 Z -1.00415 Total 14 Z -2.79718
Asymp. Sig. (2-tailed) 0.31531 Asymp. Sig. (2-tailed) 0.00516
Exact Sig. [2*(1-tailed Sig.)] .383a Exact Sig. [2*(1-tailed Sig.)] .007a
2 7 9.57143 67 Mann-Whitney U 10 6 7 8.28571 58 Mann-Whitney U 19
8 7 5.42857 38 Wilcoxon W 38 8 7 6.71429 47 Wilcoxon W 47
Total 14 Z -1.9261 Total 14 Z -0.78571
Asymp. Sig. (2-tailed) 0.05409 Asymp. Sig. (2-tailed) 0.43203
Exact Sig. [2*(1-tailed Sig.)] .073a Exact Sig. [2*(1-tailed Sig.)] .535a
2 7 8.5 59.5 Mann-Whitney U 17.5 6 7 5.71429 40 Mann-Whitney U 12
9 7 6.5 45.5 Wilcoxon W 45.5 9 7 9.28571 65 Wilcoxon W 40
Total 14 Z -1.00415 Total 14 Z -2.00407
Asymp. Sig. (2-tailed) 0.31531 Asymp. Sig. (2-tailed) 0.04506
Exact Sig. [2*(1-tailed Sig.)] .383a Exact Sig. [2*(1-tailed Sig.)] .128a
0 7 8.57143 60 Mann-Whitney U 17 0 7 9.85714 69 Mann-Whitney U 8
2 7 6.42857 45 Wilcoxon W 45 6 7 5.14286 36 Wilcoxon W 36
Total 14 Z -1.02853 Total 14 Z -2.19177
Asymp. Sig. (2-tailed) 0.3037 Asymp. Sig. (2-tailed) 0.0284
Exact Sig. [2*(1-tailed Sig.)] .383a Exact Sig. [2*(1-tailed Sig.)] .038a
3 7 5.28571 37 Mann-Whitney U 9 7 7 10.5714 74 Mann-Whitney U 3
4 7 9.71429 68 Wilcoxon W 37 8 7 4.42857 31 Wilcoxon W 31
Total 14 Z -2.34338 Total 14 Z -2.91181
Asymp. Sig. (2-tailed) 0.01911 Asymp. Sig. (2-tailed) 0.00359
Exact Sig. [2*(1-tailed Sig.)] .053a Exact Sig. [2*(1-tailed Sig.)] .004a
3 7 9.14286 64 Mann-Whitney U 13 7 7 9.5 66.5 Mann-Whitney U 10.5
5 7 5.85714 41 Wilcoxon W 41 9 7 5.5 38.5 Wilcoxon W 38.5
Total 14 Z -1.61002 Total 14 Z -2.08167
Asymp. Sig. (2-tailed) 0.10739 Asymp. Sig. (2-tailed) 0.03737
Exact Sig. [2*(1-tailed Sig.)] .165a Exact Sig. [2*(1-tailed Sig.)] .073a
3 7 8.42857 59 Mann-Whitney U 18 0 7 7.71429 54 Mann-Whitney U 23
6 7 6.57143 46 Wilcoxon W 46 7 7 7.28571 51 Wilcoxon W 51
Total 14 Z -1.04757 Total 14 Z -0.22471
Asymp. Sig. (2-tailed) 0.29484 Asymp. Sig. (2-tailed) 0.8222
Exact Sig. [2*(1-tailed Sig.)] .456a Exact Sig. [2*(1-tailed Sig.)] .902a
3 7 4.85714 34 Mann-Whitney U 6 8 7 5.28571 37 Mann-Whitney U 9
7 7 10.1429 71 Wilcoxon W 34 9 7 9.71429 68 Wilcoxon W 37
Total 14 Z -2.69135 Total 14 Z -2.34338
Asymp. Sig. (2-tailed) 0.00712 Asymp. Sig. (2-tailed) 0.01911
Exact Sig. [2*(1-tailed Sig.)] .017a Exact Sig. [2*(1-tailed Sig.)] .053a
3 7 9 63 Mann-Whitney U 14 0 7 10.0714 70.5 Mann-Whitney U 6.5
8 7 6 42 Wilcoxon W 42 8 7 4.92857 34.5 Wilcoxon W 34.5
Total 14 Z -1.61245 Total 14 Z -2.40825
Asymp. Sig. (2-tailed) 0.10686 Asymp. Sig. (2-tailed) 0.01603
Exact Sig. [2*(1-tailed Sig.)] .209a Exact Sig. [2*(1-tailed Sig.)] .017a
0 7 9.14286 64 Mann-Whitney U 13
9 7 5.85714 41 Wilcoxon W 41
Total 14 Z -1.61002
Asymp. Sig. (2-tailed) 0.10739
Exact Sig. [2*(1-tailed Sig.)] .165a
a. Not corrected for ties.
b. Grouping Variable: Group
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Table D. 11 Mann-Whitney U test for comfort of group A
Ranks Test Statisticsb Ranks Test Statisticsb
Group N
Mean 
Rank
Sum of 
Ranks
 
ComfortGA Group N
Mean 
Rank Sum of Ranks
 
ComfortGA
1 7 4.57 32.00 Mann-Whitney U 4.000 3 7 8.00 56.00 Mann-Whitney U 21.000
2 7 10.43 73.00 Wilcoxon W 32.000 9 7 7.00 49.00 Wilcoxon W 49.000
Total 14   Z -2.773 Total 14   Z -.624
Asymp. Sig. (2-tailed) .006 Asymp. Sig. (2-tailed) .533
 Exact Sig. [2*(1-tailed Sig.)] .007a  Exact Sig. [2*(1-tailed Sig.)] .710a
1 7 6.00 42.00 Mann-Whitney U 14.000 0 7 9.50 66.50 Mann-Whitney U 10.500
3 7 9.00 63.00 Wilcoxon W 42.000 3 7 5.50 38.50 Wilcoxon W 38.500
Total 14   Z -1.883 Total 14   Z -2.037
Asymp. Sig. (2-tailed) .060 Asymp. Sig. (2-tailed) .042
Exact Sig. [2*(1-tailed Sig.)] .209a  Exact Sig. [2*(1-tailed Sig.)] .073a
1 7 4.86 34.00 Mann-Whitney U 6.000 4 7 10.14 71.00 Mann-Whitney U 6.000
4 7 10.14 71.00 Wilcoxon W 34.000 5 7 4.86 34.00 Wilcoxon W 34.000
Total 14   Z -2.570 Total 14   Z -2.570
Asymp. Sig. (2-tailed) .010 Asymp. Sig. (2-tailed) .010
Exact Sig. [2*(1-tailed Sig.)] .017a  Exact Sig. [2*(1-tailed Sig.)] .017a
1 7 7.50 52.50 Mann-Whitney U 24.500 4 7 8.50 59.50 Mann-Whitney U 17.500
5 7 7.50 52.50 Wilcoxon W 52.500 6 7 6.50 45.50 Wilcoxon W 45.500
Total 14   Z .000 Total 14   Z -.972
Asymp. Sig. (2-tailed) 1.000 Asymp. Sig. (2-tailed) .331
 Exact Sig. [2*(1-tailed Sig.)] 1.000a  Exact Sig. [2*(1-tailed Sig.)] .383a
1 7 5.64 39.50 Mann-Whitney U 11.500 4 7 7.50 52.50 Mann-Whitney U 24.500
6 7 9.36 65.50 Wilcoxon W 39.500 7 7 7.50 52.50 Wilcoxon W 52.500
Total 14   Z -1.799 Total 14   Z .000
Asymp. Sig. (2-tailed) .072 Asymp. Sig. (2-tailed) 1.000
Exact Sig. [2*(1-tailed Sig.)] .097a  Exact Sig. [2*(1-tailed Sig.)] 1.000a
1 7 4.86 34.00 Mann-Whitney U 6.000 4 7 10.14 71.00 Mann-Whitney U 6.000
7 7 10.14 71.00 Wilcoxon W 34.000 8 7 4.86 34.00 Wilcoxon W 34.000
Total 14   Z -2.570 Total 14   Z -2.570
Asymp. Sig. (2-tailed) .010 Asymp. Sig. (2-tailed) .010
Exact Sig. [2*(1-tailed Sig.)] .017a  Exact Sig. [2*(1-tailed Sig.)] .017a
1 7 7.50 52.50 Mann-Whitney U 24.500 4 7 9.43 66.00 Mann-Whitney U 11.000
8 7 7.50 52.50 Wilcoxon W 52.500 9 7 5.57 39.00 Wilcoxon W 39.000
Total 14   Z .000 Total 14   Z -1.893
Asymp. Sig. (2-tailed) 1.000 Asymp. Sig. (2-tailed) .058
 Exact Sig. [2*(1-tailed Sig.)] 1.000a  Exact Sig. [2*(1-tailed Sig.)] .097a
1 7 6.71 47.00 Mann-Whitney U 19.000 0 7 7.79 54.50 Mann-Whitney U 22.500
9 7 8.29 58.00 Wilcoxon W 47.000 4 7 7.21 50.50 Wilcoxon W 50.500
Total 14   Z -.800 Total 14   Z -.302
Asymp. Sig. (2-tailed) .424 Asymp. Sig. (2-tailed) .762
Exact Sig. [2*(1-tailed Sig.)] .535a Exact Sig. [2*(1-tailed Sig.)] .805a
0 7 9.93 69.50 Mann-Whitney U 7.500 5 7 5.64 39.50 Mann-Whitney U 11.500
1 7 5.07 35.50 Wilcoxon W 35.500 6 7 9.36 65.50 Wilcoxon W 39.500
Total 14   Z -2.302 Total 14   Z -1.799
Asymp. Sig. (2-tailed) .021 Asymp. Sig. (2-tailed) .072
 Exact Sig. [2*(1-tailed Sig.)] .026a  Exact Sig. [2*(1-tailed Sig.)] .097a
2 7 10.00 70.00 Mann-Whitney U 7.000 5 7 4.86 34.00 Mann-Whitney U 6.000
3 7 5.00 35.00 Wilcoxon W 35.000 7 7 10.14 71.00 Wilcoxon W 34.000
Total 14   Z -2.646 Total 14   Z -2.570
Asymp. Sig. (2-tailed) .008 Asymp. Sig. (2-tailed) .010
Exact Sig. [2*(1-tailed Sig.)] .026a  Exact Sig. [2*(1-tailed Sig.)] .017a
2 7 8.29 58.00 Mann-Whitney U 19.000 5 7 7.50 52.50 Mann-Whitney U 24.500
4 7 6.71 47.00 Wilcoxon W 47.000 8 7 7.50 52.50 Wilcoxon W 52.500
Total 14   Z -.800 Total 14   Z .000
Asymp. Sig. (2-tailed) .424 Asymp. Sig. (2-tailed) 1.000
 Exact Sig. [2*(1-tailed Sig.)] .535a  Exact Sig. [2*(1-tailed Sig.)] 1.000a
2 7 10.43 73.00 Mann-Whitney U 4.000 5 7 6.71 47.00 Mann-Whitney U 19.000
5 7 4.57 32.00 Wilcoxon W 32.000 9 7 8.29 58.00 Wilcoxon W 47.000
Total 14   Z -2.773 Total 14   Z -.800
Asymp. Sig. (2-tailed) .006 Asymp. Sig. (2-tailed) .424
Exact Sig. [2*(1-tailed Sig.)] .007a  Exact Sig. [2*(1-tailed Sig.)] .535a
2 7 9.14 64.00 Mann-Whitney U 13.000 0 7 9.93 69.50 Mann-Whitney U 7.500
6 7 5.86 41.00 Wilcoxon W 41.000 5 7 5.07 35.50 Wilcoxon W 35.500
Total 14   Z -1.567 Total 14   Z -2.302
Asymp. Sig. (2-tailed) .117 Asymp. Sig. (2-tailed) .021
Exact Sig. [2*(1-tailed Sig.)] .165a  Exact Sig. [2*(1-tailed Sig.)] .026a
2 7 8.29 58.00 Mann-Whitney U 19.000 6 7 6.50 45.50 Mann-Whitney U 17.500
7 7 6.71 47.00 Wilcoxon W 47.000 7 7 8.50 59.50 Wilcoxon W 45.500
Total 14   Z -.800 Total 14   Z -.972
Asymp. Sig. (2-tailed) .424 Asymp. Sig. (2-tailed) .331
 Exact Sig. [2*(1-tailed Sig.)] .535a  Exact Sig. [2*(1-tailed Sig.)] .383a
2 7 10.43 73.00 Mann-Whitney U 4.000 6 7 9.36 65.50 Mann-Whitney U 11.500
8 7 4.57 32.00 Wilcoxon W 32.000 8 7 5.64 39.50 Wilcoxon W 39.500
Total 14   Z -2.773 Total 14   Z -1.799
Asymp. Sig. (2-tailed) .006 Asymp. Sig. (2-tailed) .072
Exact Sig. [2*(1-tailed Sig.)] .007a  Exact Sig. [2*(1-tailed Sig.)] .097a
2 7 9.86 69.00 Mann-Whitney U 8.000 6 7 8.57 60.00 Mann-Whitney U 17.000
9 7 5.14 36.00 Wilcoxon W 36.000 9 7 6.43 45.00 Wilcoxon W 45.000
Total 14   Z -2.251 Total 14   Z -1.034
Asymp. Sig. (2-tailed) .024 Asymp. Sig. (2-tailed) .301
 Exact Sig. [2*(1-tailed Sig.)] .038a  Exact Sig. [2*(1-tailed Sig.)] .383a
0 7 7.00 49.00 Mann-Whitney U 21.000 0 7 8.71 61.00 Mann-Whitney U 16.000
2 7 8.00 56.00 Wilcoxon W 49.000 6 7 6.29 44.00 Wilcoxon W 44.000
Total 14   Z -.524 Total 14   Z -1.176
Asymp. Sig. (2-tailed) .600 Asymp. Sig. (2-tailed) .240
 Exact Sig. [2*(1-tailed Sig.)] .710a  Exact Sig. [2*(1-tailed Sig.)] .318a
3 7 5.50 38.50 Mann-Whitney U 10.500 7 7 10.14 71.00 Mann-Whitney U 6.000
4 7 9.50 66.50 Wilcoxon W 38.500 8 7 4.86 34.00 Wilcoxon W 34.000
Total 14   Z -2.280 Total 14   Z -2.570
Asymp. Sig. (2-tailed) .023 Asymp. Sig. (2-tailed) .010
 Exact Sig. [2*(1-tailed Sig.)] .073a  Exact Sig. [2*(1-tailed Sig.)] .017a
3 7 9.00 63.00 Mann-Whitney U 14.000 7 7 9.43 66.00 Mann-Whitney U 11.000
5 7 6.00 42.00 Wilcoxon W 42.000 9 7 5.57 39.00 Wilcoxon W 39.000
Total 14   Z -1.883 Total 14   Z -1.893
Asymp. Sig. (2-tailed) .060 Asymp. Sig. (2-tailed) .058
 Exact Sig. [2*(1-tailed Sig.)] .209a  Exact Sig. [2*(1-tailed Sig.)] .097a
3 7 6.50 45.50 Mann-Whitney U 17.500 0 7 7.79 54.50 Mann-Whitney U 22.500
6 7 8.50 59.50 Wilcoxon W 45.500 7 7 7.21 50.50 Wilcoxon W 50.500
Total 14   Z -1.122 Total 14   Z -.302
Asymp. Sig. (2-tailed) .262 Asymp. Sig. (2-tailed) .762
 Exact Sig. [2*(1-tailed Sig.)] .383a  Exact Sig. [2*(1-tailed Sig.)] .805a
3 7 5.50 38.50 Mann-Whitney U 10.500 8 7 6.71 47.00 Mann-Whitney U 19.000
7 7 9.50 66.50 Wilcoxon W 38.500 9 7 8.29 58.00 Wilcoxon W 47.000
Total 14   Z -2.280 Total 14   Z -.800
Asymp. Sig. (2-tailed) .023 Asymp. Sig. (2-tailed) .424
Exact Sig. [2*(1-tailed Sig.)] .073a  Exact Sig. [2*(1-tailed Sig.)] .535a
3 7 9.00 63.00 Mann-Whitney U 14.000 0 7 9.93 69.50 Mann-Whitney U 7.500
8 7 6.00 42.00 Wilcoxon W 42.000 8 7 5.07 35.50 Wilcoxon W 35.500
Total 14   Z -1.883 Total 14   Z -2.302
Asymp. Sig. (2-tailed) .060 Asymp. Sig. (2-tailed) .021
 Exact Sig. [2*(1-tailed Sig.)] .209a  Exact Sig. [2*(1-tailed Sig.)] .026a
0 7 9.36 65.50 Mann-Whitney U 11.500
9 7 5.64 39.50 Wilcoxon W 39.500
Total 14   Z -1.781
Asymp. Sig. (2-tailed) .075
 Exact Sig. [2*(1-tailed Sig.)] .097a
a. Not corrected for ties.
b. Grouping Variable: Group
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Table D. 12 Mann-Whitney U test for stickiness of group A
Ranks Test Statisticsb Ranks Test Statisticsb
Group N Mean Rank Sum of Ranks StickinessGA
Grou
p N Mean Rank Sum of Ranks StickinessGA
1 7 5.8571429 41 Mann-Whitney U 13 3 7 7 49 Mann-Whitney U 21
2 7 9.1428571 64 Wilcoxon W 41 9 7 8 56 Wilcoxon W 49
Total 14 Z -1.5574818 Total 14 Z -0.62764591
Asymp. Sig. (2-tailed) 0.119356138 Asymp. Sig. (2-tailed) 0.53023592
Exact Sig. [2*(1-tailed Sig.)] .165a Exact Sig. [2*(1-tailed Sig.)] .710a
Mann-Whitney U 4 0 7 8.5714286 60 Mann-Whitney U 17
1 7 4.5714286 32 Wilcoxon W 32 3 7 6.4285714 45 Wilcoxon W 45
3 7 10.428571 73 Z -2.80775313 Total 14 Z -1.04179807
Total 14 Asymp. Sig. (2-tailed) 0.004988846 Asymp. Sig. (2-tailed) 0.29750531
Exact Sig. [2*(1-tailed Sig.)] .007a Exact Sig. [2*(1-tailed Sig.)] .383a
1 7 4.8571429 34 Mann-Whitney U 6 4 7 8.9285714 62.5 Mann-Whitney U 14.5
4 7 10.142857 71 Wilcoxon W 34 5 7 6.0714286 42.5 Wilcoxon W 42.5
Total 14 Z -2.56976858 Total 14 Z -1.3908716
Asymp. Sig. (2-tailed) 0.010176647 Asymp. Sig. (2-tailed) 0.16426437
Exact Sig. [2*(1-tailed Sig.)] .017a Exact Sig. [2*(1-tailed Sig.)] .209a
1 7 6.4285714 45 Mann-Whitney U 17 4 7 8.3571429 58.5 Mann-Whitney U 18.5
5 7 8.5714286 60 Wilcoxon W 45 6 7 6.6428571 46.5 Wilcoxon W 46.5
Total 14 Z -1.0514001 Total 14 Z -0.79700832
Asymp. Sig. (2-tailed) 0.293074868 Asymp. Sig. (2-tailed) 0.4254462
Exact Sig. [2*(1-tailed Sig.)] .383a Exact Sig. [2*(1-tailed Sig.)] .456a
1 7 5.0714286 35.5 Mann-Whitney U 7.5 4 7 7.5 52.5 Mann-Whitney U 24.5
6 7 9.9285714 69.5 Wilcoxon W 35.5 7 7 7.5 52.5 Wilcoxon W 52.5
Total 14 Z -2.25819024 Total 14 Z 0
Asymp. Sig. (2-tailed) 0.023933802 Asymp. Sig. (2-tailed) 1
Exact Sig. [2*(1-tailed Sig.)] .026a Exact Sig. [2*(1-tailed Sig.)] 1.000a
1 7 4.8571429 34 Mann-Whitney U 6 4 7 9.7142857 68 Mann-Whitney U 9
7 7 10.142857 71 Wilcoxon W 34 8 7 5.2857143 37 Wilcoxon W 37
Total 14 Z -2.56976858 Total 14 Z -2.34337973
Asymp. Sig. (2-tailed) 0.010176647 Asymp. Sig. (2-tailed) 0.01910992
Exact Sig. [2*(1-tailed Sig.)] .017a Exact Sig. [2*(1-tailed Sig.)] .053a
1 7 6.5 45.5 Mann-Whitney U 17.5 4 7 6.5 45.5 Mann-Whitney U 17.5
8 7 8.5 59.5 Wilcoxon W 45.5 9 7 8.5 59.5 Wilcoxon W 45.5
Total 14 Z -1.14017543 Total 14 Z -1.14017543
Asymp. Sig. (2-tailed) 0.254213224 Asymp. Sig. (2-tailed) 0.25421322
Exact Sig. [2*(1-tailed Sig.)] .383a Exact Sig. [2*(1-tailed Sig.)] .383a
1 7 4.2857143 30 Mann-Whitney U 2 0 7 8.8571429 62 Mann-Whitney U 15
9 7 10.714286 75 Wilcoxon W 30 4 7 6.1428571 43 Wilcoxon W 43
Total 14 Z -3.08168026 Total 14 Z -1.30115389
Asymp. Sig. (2-tailed) 0.002058358 Asymp. Sig. (2-tailed) 0.19320579
Exact Sig. [2*(1-tailed Sig.)] .002a Exact Sig. [2*(1-tailed Sig.)] .259a
0 7 10.428571 73 Mann-Whitney U 4 5 7 6.6428571 46.5 Mann-Whitney U 18.5
1 7 4.5714286 32 Wilcoxon W 32 6 7 8.3571429 58.5 Wilcoxon W 46.5
Total 14 Z -2.75604054 Total 14 Z -0.78588673
Asymp. Sig. (2-tailed) 0.005850574 Asymp. Sig. (2-tailed) 0.43193385
Exact Sig. [2*(1-tailed Sig.)] .007a Exact Sig. [2*(1-tailed Sig.)] .456a
2 7 6.7142857 47 Mann-Whitney U 19 5 7 6.0714286 42.5 Mann-Whitney U 14.5
3 7 8.2857143 58 Wilcoxon W 47 7 7 8.9285714 62.5 Wilcoxon W 42.5
Total 14 Z -0.82519839 Total 14 Z -1.3908716
Asymp. Sig. (2-tailed) 0.409258968 Asymp. Sig. (2-tailed) 0.16426437
Exact Sig. [2*(1-tailed Sig.)] .535a Exact Sig. [2*(1-tailed Sig.)] .209a
2 7 7.0714286 49.5 Mann-Whitney U 21.5 5 7 7.8571429 55 Mann-Whitney U 22
4 7 7.9285714 55.5 Wilcoxon W 49.5 8 7 7.1428571 50 Wilcoxon W 50
Total 14 Z -0.4309458 Total 14 Z -0.37509018
Asymp. Sig. (2-tailed) 0.666507778 Asymp. Sig. (2-tailed) 0.7075934
Exact Sig. [2*(1-tailed Sig.)] .710a Exact Sig. [2*(1-tailed Sig.)] .805a
2 7 8.2142857 57.5 Mann-Whitney U 19.5 5 7 5.3571429 37.5 Mann-Whitney U 9.5
5 7 6.7857143 47.5 Wilcoxon W 47.5 9 7 9.6428571 67.5 Wilcoxon W 37.5
Total 14 Z -0.68138514 Total 14 Z -2.15472902
Asymp. Sig. (2-tailed) 0.495627821 Asymp. Sig. (2-tailed) 0.03118305
Exact Sig. [2*(1-tailed Sig.)] .535a Exact Sig. [2*(1-tailed Sig.)] .053a
2 7 8.0714286 56.5 Mann-Whitney U 20.5 0 7 9.7142857 68 Mann-Whitney U 9
6 7 6.9285714 48.5 Wilcoxon W 48.5 5 7 5.2857143 37 Wilcoxon W 37
Total 14 Z -0.52821149 Total 14 Z -2.06138782
Asymp. Sig. (2-tailed) 0.597352556 Asymp. Sig. (2-tailed) 0.03926606
Exact Sig. [2*(1-tailed Sig.)] .620a Exact Sig. [2*(1-tailed Sig.)] .053a
2 7 7.0714286 49.5 Mann-Whitney U 21.5 6 7 6.6428571 46.5 Mann-Whitney U 18.5
7 7 7.9285714 55.5 Wilcoxon W 49.5 7 7 8.3571429 58.5 Wilcoxon W 46.5
Total 14 Z -0.4309458 Total 14 Z -0.79700832
Asymp. Sig. (2-tailed) 0.666507778 Asymp. Sig. (2-tailed) 0.4254462
Exact Sig. [2*(1-tailed Sig.)] .710a Exact Sig. [2*(1-tailed Sig.)] .456a
2 7 8.7142857 61 Mann-Whitney U 16 6 7 9.6428571 67.5 Mann-Whitney U 9.5
8 7 6.2857143 44 Wilcoxon W 44 8 7 5.3571429 37.5 Wilcoxon W 37.5
Total 14 Z -1.18070448 Total 14 Z -2.05966126
Asymp. Sig. (2-tailed) 0.237720139 Asymp. Sig. (2-tailed) 0.03943094
Exact Sig. [2*(1-tailed Sig.)] .318a Exact Sig. [2*(1-tailed Sig.)] .053a
2 7 6.3571429 44.5 Mann-Whitney U 16.5 6 7 5.2142857 36.5 Mann-Whitney U 8.5
9 7 8.6428571 60.5 Wilcoxon W 44.5 9 7 9.7857143 68.5 Wilcoxon W 36.5
Total 14 Z -1.28483215 Total 14 Z -2.19697201
Asymp. Sig. (2-tailed) 0.198850945 Asymp. Sig. (2-tailed) 0.02802245
Exact Sig. [2*(1-tailed Sig.)] .318a Exact Sig. [2*(1-tailed Sig.)] .038a
0 7 9.1428571 64 Mann-Whitney U 13 0 7 9.2857143 65 Mann-Whitney U 12
2 7 5.8571429 41 Wilcoxon W 41 6 7 5.7142857 40 Wilcoxon W 40
Total 14 Z -1.54607152 Total 14 Z -1.62603693
Asymp. Sig. (2-tailed) 0.122087295 Asymp. Sig. (2-tailed) 0.1039418
Exact Sig. [2*(1-tailed Sig.)] .165a Exact Sig. [2*(1-tailed Sig.)] .128a
3 7 8 56 Mann-Whitney U 21 7 7 9.7142857 68 Mann-Whitney U 9
4 7 7 49 Wilcoxon W 49 8 7 5.2857143 37 Wilcoxon W 37
Total 14 Z -0.53748385 Total 14 Z -2.34337973
Asymp. Sig. (2-tailed) 0.590933438 Asymp. Sig. (2-tailed) 0.01910992
Exact Sig. [2*(1-tailed Sig.)] .710a Exact Sig. [2*(1-tailed Sig.)] .053a
3 7 9.2857143 65 Mann-Whitney U 12 7 7 6.5 45.5 Mann-Whitney U 17.5
5 7 5.7142857 40 Wilcoxon W 40 9 7 8.5 59.5 Wilcoxon W 45.5
Total 14 Z -1.75233351 Total 14 Z -1.14017543
Asymp. Sig. (2-tailed) 0.079716478 Asymp. Sig. (2-tailed) 0.25421322
Exact Sig. [2*(1-tailed Sig.)] .128a Exact Sig. [2*(1-tailed Sig.)] .383a
3 7 9.0714286 63.5 Mann-Whitney U 13.5 0 7 8.8571429 62 Mann-Whitney U 15
6 7 5.9285714 41.5 Wilcoxon W 41.5 7 7 6.1428571 43 Wilcoxon W 43
Total 14 Z -1.47705521 Total 14 Z -1.30115389
Asymp. Sig. (2-tailed) 0.139660838 Asymp. Sig. (2-tailed) 0.19320579
Exact Sig. [2*(1-tailed Sig.)] .165a Exact Sig. [2*(1-tailed Sig.)] .259a
3 7 8 56 Mann-Whitney U 21 8 7 4.4285714 31 Mann-Whitney U 3
7 7 7 49 Wilcoxon W 49 9 7 10.571429 74 Wilcoxon W 31
Total 14 Z -0.53748385 Total 14 Z -3.07142857
Asymp. Sig. (2-tailed) 0.590933438 Asymp. Sig. (2-tailed) 0.00213037
Exact Sig. [2*(1-tailed Sig.)] .710a Exact Sig. [2*(1-tailed Sig.)] .004a
3 7 10.142857 71 Mann-Whitney U 6 0 7 10.142857 71 Mann-Whitney U 6
8 7 4.8571429 34 Wilcoxon W 34 8 7 4.8571429 34 Wilcoxon W 34
Total 14 Z -2.69135398 Total 14 Z -2.63562633
Asymp. Sig. (2-tailed) 0.007116264 Asymp. Sig. (2-tailed) 0.00839822
Exact Sig. [2*(1-tailed Sig.)] .017a Exact Sig. [2*(1-tailed Sig.)] .017a
0 7 8.2857143 58 Mann-Whitney U 19
9 7 6.7142857 47 Wilcoxon W 47
Total 14 Z -0.78679579
Asymp. Sig. (2-tailed) 0.43140142
Exact Sig. [2*(1-tailed Sig.)] .535a
a. Not corrected for ties.
b. Grouping Variable: Group
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Table D. 13 Mann-Whitney U test for preference of group A
Ranks Test Statisticsb Ranks Test Statisticsb
Group N
Mean 
Rank
Sum of 
Ranks PreferenceGA
Grou
p N
Mean 
Rank
Sum of 
Ranks PreferenceGA
1 7 7.5 52.5 Mann-Whitney U 24.5 3 7 8 56 Mann-Whitney U 21
2 7 7.5 52.5 Wilcoxon W 52.5 9 7 7 49 Wilcoxon W 49
Total 14 Z 0 Total 14 Z -0.627645914
Asymp. Sig. (2-tailed) 1 Asymp. Sig. (2-tailed) 0.530235924
Exact Sig. [2*(1-tailed Sig.)] 1.000a Exact Sig. [2*(1-tailed Sig.)] .710a
1 7 8.428571429 59 Mann-Whitney U 18 0 7 4.357142857 30.5 Mann-Whitney U 2.5
3 7 6.571428571 46 Wilcoxon W 46 3 7 10.64285714 74.5 Wilcoxon W 30.5
Total 14 Z -1.362770288 Total 14 Z -3.059917521
Asymp. Sig. (2-tailed) 0.172954918 Asymp. Sig. (2-tailed) 0.00221398
Exact Sig. [2*(1-tailed Sig.)] .456a Exact Sig. [2*(1-tailed Sig.)] .002a
1 7 9.714285714 68 Mann-Whitney U 9 4 7 5.071428571 35.5 Mann-Whitney U 7.5
4 7 5.285714286 37 Wilcoxon W 37 5 7 9.928571429 69.5 Wilcoxon W 35.5
Total 14 Z -2.343379733 Total 14 Z -2.442026221
Asymp. Sig. (2-tailed) 0.019109922 Asymp. Sig. (2-tailed) 0.014605086
Exact Sig. [2*(1-tailed Sig.)] .053a Exact Sig. [2*(1-tailed Sig.)] .026a
1 7 7 49 Mann-Whitney U 21 4 7 6.357142857 44.5 Mann-Whitney U 16.5
5 7 8 56 Wilcoxon W 49 6 7 8.642857143 60.5 Wilcoxon W 44.5
Total 14 Z -0.627645914 Total 14 Z -1.046641074
Asymp. Sig. (2-tailed) 0.530235924 Asymp. Sig. (2-tailed) 0.295265151
Exact Sig. [2*(1-tailed Sig.)] .710a Exact Sig. [2*(1-tailed Sig.)] .318a
1 7 9.642857143 67.5 Mann-Whitney U 9.5 4 7 7 49 Mann-Whitney U 21
6 7 5.357142857 37.5 Wilcoxon W 37.5 7 7 8 56 Wilcoxon W 49
Total 14 Z -2.051864405 Total 14 Z -0.515078754
Asymp. Sig. (2-tailed) 0.040182842 Asymp. Sig. (2-tailed) 0.606497989
Exact Sig. [2*(1-tailed Sig.)] .053a Exact Sig. [2*(1-tailed Sig.)] .710a
1 7 9.285714286 65 Mann-Whitney U 12 4 7 5.785714286 40.5 Mann-Whitney U 12.5
7 7 5.714285714 40 Wilcoxon W 40 8 7 9.214285714 64.5 Wilcoxon W 40.5
Total 14 Z -2.01455741 Total 14 Z -1.745743122
Asymp. Sig. (2-tailed) 0.043951044 Asymp. Sig. (2-tailed) 0.080855598
Exact Sig. [2*(1-tailed Sig.)] .128a Exact Sig. [2*(1-tailed Sig.)] .128a
1 7 7.928571429 55.5 Mann-Whitney U 21.5 4 7 6.5 45.5 Mann-Whitney U 17.5
8 7 7.071428571 49.5 Wilcoxon W 49.5 9 7 8.5 59.5 Wilcoxon W 45.5
Total 14 Z -0.534522484 Total 14 Z -1.040833
Asymp. Sig. (2-tailed) 0.592980098 Asymp. Sig. (2-tailed) 0.297953062
Exact Sig. [2*(1-tailed Sig.)] .710a Exact Sig. [2*(1-tailed Sig.)] .383a
1 7 8.857142857 62 Mann-Whitney U 15 0 7 5.428571429 38 Mann-Whitney U 10
9 7 6.142857143 43 Wilcoxon W 43 4 7 9.571428571 67 Wilcoxon W 38
Total 14 Z -1.692654532 Total 14 Z -2.175523025
Asymp. Sig. (2-tailed) 0.090521245 Asymp. Sig. (2-tailed) 0.029590945
Exact Sig. [2*(1-tailed Sig.)] .259a Exact Sig. [2*(1-tailed Sig.)] .073a
0 7 4 28 Mann-Whitney U 0 5 7 9.785714286 68.5 Mann-Whitney U 8.5
1 7 11 77 Wilcoxon W 28 6 7 5.214285714 36.5 Wilcoxon W 36.5
Total 14 Z -3.342968531 Total 14 Z -2.140664397
Asymp. Sig. (2-tailed) 0.000828873 Asymp. Sig. (2-tailed) 0.032301112
Exact Sig. [2*(1-tailed Sig.)] .001a Exact Sig. [2*(1-tailed Sig.)] .038a
2 7 8.428571429 59 Mann-Whitney U 18 5 7 9.571428571 67 Mann-Whitney U 10
3 7 6.571428571 46 Wilcoxon W 46 7 7 5.428571429 38 Wilcoxon W 38
Total 14 Z -1.362770288 Total 14 Z -2.175523025
Asymp. Sig. (2-tailed) 0.172954918 Asymp. Sig. (2-tailed) 0.029590945
Exact Sig. [2*(1-tailed Sig.)] .456a Exact Sig. [2*(1-tailed Sig.)] .073a
2 7 9.714285714 68 Mann-Whitney U 9 5 7 8.357142857 58.5 Mann-Whitney U 18.5
4 7 5.285714286 37 Wilcoxon W 37 8 7 6.642857143 46.5 Wilcoxon W 46.5
Total 14 Z -2.343379733 Total 14 Z -0.966987557
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Asymp. Sig. (2-tailed) 0.019109922 Asymp. Sig. (2-tailed) 0.333550254
Exact Sig. [2*(1-tailed Sig.)] .053a Exact Sig. [2*(1-tailed Sig.)] .456a
2 7 7 49 Mann-Whitney U 21 5 7 9.214285714 64.5 Mann-Whitney U 12.5
5 7 8 56 Wilcoxon W 49 9 7 5.785714286 40.5 Wilcoxon W 40.5
Total 14 Z -0.627645914 Total 14 Z -1.927248223
Asymp. Sig. (2-tailed) 0.530235924 Asymp. Sig. (2-tailed) 0.053948703
Exact Sig. [2*(1-tailed Sig.)] .710a Exact Sig. [2*(1-tailed Sig.)] .128a
2 7 9.642857143 67.5 Mann-Whitney U 9.5 0 7 4 28 Mann-Whitney U 0
6 7 5.357142857 37.5 Wilcoxon W 37.5 5 7 11 77 Wilcoxon W 28
Total 14 Z -2.051864405 Total 14 Z -3.285819558
Asymp. Sig. (2-tailed) 0.040182842 Asymp. Sig. (2-tailed) 0.001016861
Exact Sig. [2*(1-tailed Sig.)] .053a Exact Sig. [2*(1-tailed Sig.)] .001a
2 7 9.285714286 65 Mann-Whitney U 12 6 7 7.857142857 55 Mann-Whitney U 22
7 7 5.714285714 40 Wilcoxon W 40 7 7 7.142857143 50 Wilcoxon W 50
Total 14 Z -2.01455741 Total 14 Z -0.328593095
Asymp. Sig. (2-tailed) 0.043951044 Asymp. Sig. (2-tailed) 0.742463268
Exact Sig. [2*(1-tailed Sig.)] .128a Exact Sig. [2*(1-tailed Sig.)] .805a
2 7 7.928571429 55.5 Mann-Whitney U 21.5 6 7 6.142857143 43 Mann-Whitney U 15
8 7 7.071428571 49.5 Wilcoxon W 49.5 8 7 8.857142857 62 Wilcoxon W 43
Total 14 Z -0.534522484 Total 14 Z -1.266450198
Asymp. Sig. (2-tailed) 0.592980098 Asymp. Sig. (2-tailed) 0.205351949
Exact Sig. [2*(1-tailed Sig.)] .710a Exact Sig. [2*(1-tailed Sig.)] .259a
2 7 8.857142857 62 Mann-Whitney U 15 6 7 7.071428571 49.5 Mann-Whitney U 21.5
9 7 6.142857143 43 Wilcoxon W 43 9 7 7.928571429 55.5 Wilcoxon W 49.5
Total 14 Z -1.692654532 Total 14 Z -0.399931641
Asymp. Sig. (2-tailed) 0.090521245 Asymp. Sig. (2-tailed) 0.689206866
Exact Sig. [2*(1-tailed Sig.)] .259a Exact Sig. [2*(1-tailed Sig.)] .710a
0 7 4 28 Mann-Whitney U 0 0 7 4 28 Mann-Whitney U 0
2 7 11 77 Wilcoxon W 28 6 7 11 77 Wilcoxon W 28
Total 14 Z -3.342968531 Total 14 Z -3.209037469
Asymp. Sig. (2-tailed) 0.000828873 Asymp. Sig. (2-tailed) 0.001331801
Exact Sig. [2*(1-tailed Sig.)] .001a Exact Sig. [2*(1-tailed Sig.)] .001a
3 7 9 63 Mann-Whitney U 14 7 7 6.214285714 43.5 Mann-Whitney U 15.5
4 7 6 42 Wilcoxon W 42 8 7 8.785714286 61.5 Wilcoxon W 43.5
Total 14 Z -1.61245155 Total 14 Z -1.360672103
Asymp. Sig. (2-tailed) 0.106863715 Asymp. Sig. (2-tailed) 0.173617334
Exact Sig. [2*(1-tailed Sig.)] .209a Exact Sig. [2*(1-tailed Sig.)] .259a
3 7 6.142857143 43 Mann-Whitney U 15 7 7 7 49 Mann-Whitney U 21
5 7 8.857142857 62 Wilcoxon W 43 9 7 8 56 Wilcoxon W 49
Total 14 Z -1.692654532 Total 14 Z -0.53748385
Asymp. Sig. (2-tailed) 0.090521245 Asymp. Sig. (2-tailed) 0.590933438
Exact Sig. [2*(1-tailed Sig.)] .259a Exact Sig. [2*(1-tailed Sig.)] .710a
3 7 8.714285714 61 Mann-Whitney U 16 0 7 5.071428571 35.5 Mann-Whitney U 7.5
6 7 6.285714286 44 Wilcoxon W 44 7 7 9.928571429 69.5 Wilcoxon W 35.5
Total 14 Z -1.161261536 Total 14 Z -2.442026221
Asymp. Sig. (2-tailed) 0.245535556 Asymp. Sig. (2-tailed) 0.014605086
Exact Sig. [2*(1-tailed Sig.)] .318a Exact Sig. [2*(1-tailed Sig.)] .026a
3 7 8.5 59.5 Mann-Whitney U 17.5 8 7 8.357142857 58.5 Mann-Whitney U 18.5
7 7 6.5 45.5 Wilcoxon W 45.5 9 7 6.642857143 46.5 Wilcoxon W 46.5
Total 14 Z -1.140175425 Total 14 Z -0.966987557
Asymp. Sig. (2-tailed) 0.254213224 Asymp. Sig. (2-tailed) 0.333550254
Exact Sig. [2*(1-tailed Sig.)] .383a Exact Sig. [2*(1-tailed Sig.)] .456a
3 7 7.071428571 49.5 Mann-Whitney U 21.5 0 7 4.357142857 30.5 Mann-Whitney U 2.5
8 7 7.928571429 55.5 Wilcoxon W 49.5 8 7 10.64285714 74.5 Wilcoxon W 30.5
Total 14 Z -0.534522484 Total 14 Z -3.001849293
Asymp. Sig. (2-tailed) 0.592980098 Asymp. Sig. (2-tailed) 0.00268345
Exact Sig. [2*(1-tailed Sig.)] .710a Exact Sig. [2*(1-tailed Sig.)] .002a
0 7 4.714285714 33 Mann-Whitney U 5
9 7 10.28571429 72 Wilcoxon W 33
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Total 14 Z -2.733640268
Asymp. Sig. (2-tailed) 0.006263844
Exact Sig. [2*(1-tailed Sig.)] .011a
a. Not corrected for ties.
b. Grouping Variable: Group
Table D. 14 Mann-Whitney U test for pleasantness of group A
Ranks Test Statisticsb Ranks Test Statisticsb
Group N Mean Rank Sum of Ranks PleasantnessGA Group N Mean Rank Sum of Ranks PleasantnessGA
1 7 8.29 58.00 Mann-Whitney U 19.000 3 7 6.57 46.00 Mann-Whitney U 18.000
2 7 6.71 47.00 Wilcoxon W 47.000 9 7 8.43 59.00 Wilcoxon W 46.000
Total 14 Z -.770 Total 14 Z -1.363
Asymp. Sig. (2-tailed) .441 Asymp. Sig. (2-tailed) .173
Exact Sig. [2*(1-tailed Sig.)] .535a Exact Sig. [2*(1-tailed Sig.)] .456a
Mann-Whitney U 6.000 0 7 8.79 61.50 Mann-Whitney U 15.500
1 7 10.14 71.00 Wilcoxon W 34.000 3 7 6.21 43.50 Wilcoxon W 43.500
3 7 4.86 34.00 Z -2.691 Total 14 Z -1.342
Total 14 Asymp. Sig. (2-tailed) .007 Asymp. Sig. (2-tailed) .180
Exact Sig. [2*(1-tailed Sig.)] .017a Exact Sig. [2*(1-tailed Sig.)] .259a
Mann-Whitney U 7.500 4 7 5.07 35.50 Mann-Whitney U 7.500
1 7 9.93 69.50 Wilcoxon W 35.500 5 7 9.93 69.50 Wilcoxon W 35.500
4 7 5.07 35.50 Z -2.328 Total 14 Z -2.328
Total 14 Asymp. Sig. (2-tailed) .020 Asymp. Sig. (2-tailed) .020
Exact Sig. [2*(1-tailed Sig.)] .026a Exact Sig. [2*(1-tailed Sig.)] .026a
Mann-Whitney U 24.500 4 7 7.00 49.00 Mann-Whitney U 21.000
1 7 7.50 52.50 Wilcoxon W 52.500 6 7 8.00 56.00 Wilcoxon W 49.000
5 7 7.50 52.50 Z .000 Total 14 Z -.452
Total 14 Asymp. Sig. (2-tailed) 1.000 Asymp. Sig. (2-tailed) .651
Exact Sig. [2*(1-tailed Sig.)] 1.000a Exact Sig. [2*(1-tailed Sig.)] .710a
1 7 9.71 68.00 Mann-Whitney U 9.000 4 7 8.64 60.50 Mann-Whitney U 16.500
6 7 5.29 37.00 Wilcoxon W 37.000 7 7 6.36 44.50 Wilcoxon W 44.500
Total 14 Z -2.030 Total 14 Z -1.164
Asymp. Sig. (2-tailed) .042 Asymp. Sig. (2-tailed) .244
Exact Sig. [2*(1-tailed Sig.)] .053a Exact Sig. [2*(1-tailed Sig.)] .318a
1 7 10.71 75.00 Mann-Whitney U 2.000 4 7 5.64 39.50 Mann-Whitney U 11.500
7 7 4.29 30.00 Wilcoxon W 30.000 8 7 9.36 65.50 Wilcoxon W 39.500
Total 14 Z -3.047 Total 14 Z -1.806
Asymp. Sig. (2-tailed) .002 Asymp. Sig. (2-tailed) .071
Exact Sig. [2*(1-tailed Sig.)] .002a Exact Sig. [2*(1-tailed Sig.)] .097a
1 7 8.50 59.50 Mann-Whitney U 17.500 4 7 6.14 43.00 Mann-Whitney U 15.000
8 7 6.50 45.50 Wilcoxon W 45.500 9 7 8.86 62.00 Wilcoxon W 43.000
Total 14 Z -1.041 Total 14 Z -1.423
Asymp. Sig. (2-tailed) .298 Asymp. Sig. (2-tailed) .155
Exact Sig. [2*(1-tailed Sig.)] .383a Exact Sig. [2*(1-tailed Sig.)] .259a
1 7 9.14 64.00 Mann-Whitney U 13.000 0 7 9.07 63.50 Mann-Whitney U 13.500
9 7 5.86 41.00 Wilcoxon W 41.000 4 7 5.93 41.50 Wilcoxon W 41.500
Total 14 Z -1.673 Total 14 Z -1.482
Asymp. Sig. (2-tailed) .094 Asymp. Sig. (2-tailed) .138
Exact Sig. [2*(1-tailed Sig.)] .165a Exact Sig. [2*(1-tailed Sig.)] .165a
0 7 7.07 49.50 Mann-Whitney U 21.500 5 7 9.71 68.00 Mann-Whitney U 9.000
1 7 7.93 55.50 Wilcoxon W 49.500 6 7 5.29 37.00 Wilcoxon W 37.000
Total 14 Z -.409 Total 14 Z -2.030
Asymp. Sig. (2-tailed) .683 Asymp. Sig. (2-tailed) .042
Exact Sig. [2*(1-tailed Sig.)] .710a Exact Sig. [2*(1-tailed Sig.)] .053a
2 7 8.79 61.50 Mann-Whitney U 15.500 5 7 10.71 75.00 Mann-Whitney U 2.000
3 7 6.21 43.50 Wilcoxon W 43.500 7 7 4.29 30.00 Wilcoxon W 30.000
Total 14 Z -1.344 Total 14 Z -3.047
Asymp. Sig. (2-tailed) .179 Asymp. Sig. (2-tailed) .002
Exact Sig. [2*(1-tailed Sig.)] .259a Exact Sig. [2*(1-tailed Sig.)] .002a
2 7 9.00 63.00 Mann-Whitney U 14.000 5 7 8.50 59.50 Mann-Whitney U 17.500
4 7 6.00 42.00 Wilcoxon W 42.000 8 7 6.50 45.50 Wilcoxon W 45.500
Total 14 Z -1.420 Total 14 Z -1.041
Asymp. Sig. (2-tailed) .156 Asymp. Sig. (2-tailed) .298
Exact Sig. [2*(1-tailed Sig.)] .209a Exact Sig. [2*(1-tailed Sig.)] .383a
2 7 6.71 47.00 Mann-Whitney U 19.000 5 7 9.14 64.00 Mann-Whitney U 13.000
5 7 8.29 58.00 Wilcoxon W 47.000 9 7 5.86 41.00 Wilcoxon W 41.000
Total 14 Z -.770 Total 14 Z -1.673
Asymp. Sig. (2-tailed) .441 Asymp. Sig. (2-tailed) .094
Exact Sig. [2*(1-tailed Sig.)] .535a Exact Sig. [2*(1-tailed Sig.)] .165a
2 7 8.79 61.50 Mann-Whitney U 15.500 0 7 7.07 49.50 Mann-Whitney U 21.500
6 7 6.21 43.50 Wilcoxon W 43.500 5 7 7.93 55.50 Wilcoxon W 49.500
Total 14 Z -1.159 Total 14 Z -.409
Asymp. Sig. (2-tailed) .246 Asymp. Sig. (2-tailed) .683
Exact Sig. [2*(1-tailed Sig.)] .259a Exact Sig. [2*(1-tailed Sig.)] .710a
2 7 9.93 69.50 Mann-Whitney U 7.500 6 7 9.57 67.00 Mann-Whitney U 10.000
7 7 5.07 35.50 Wilcoxon W 35.500 7 7 5.43 38.00 Wilcoxon W 38.000
Total 14 Z -2.320 Total 14 Z -1.899
Asymp. Sig. (2-tailed) .020 Asymp. Sig. (2-tailed) .058
Exact Sig. [2*(1-tailed Sig.)] .026a Exact Sig. [2*(1-tailed Sig.)] .073a
2 7 7.43 52.00 Mann-Whitney U 24.000 6 7 5.57 39.00 Mann-Whitney U 11.000
8 7 7.57 53.00 Wilcoxon W 52.000 8 7 9.43 66.00 Wilcoxon W 39.000
Total 14 Z -.070 Total 14 Z -1.754
Asymp. Sig. (2-tailed) .944 Asymp. Sig. (2-tailed) .079
Exact Sig. [2*(1-tailed Sig.)] 1.000a Exact Sig. [2*(1-tailed Sig.)] .097a
2 7 7.93 55.50 Mann-Whitney U 21.500 6 7 5.79 40.50 Mann-Whitney U 12.500
9 7 7.07 49.50 Wilcoxon W 49.500 9 7 9.21 64.50 Wilcoxon W 40.500
Total 14 Z -.448 Total 14 Z -1.600
Asymp. Sig. (2-tailed) .654 Asymp. Sig. (2-tailed) .110
Exact Sig. [2*(1-tailed Sig.)] .710a Exact Sig. [2*(1-tailed Sig.)] .128a
0 7 7.64 53.50 Mann-Whitney U 23.500 0 7 8.79 61.50 Mann-Whitney U 15.500
2 7 7.36 51.50 Wilcoxon W 51.500 6 7 6.21 43.50 Wilcoxon W 43.500
Total 14 Z -.134 Total 14 Z -1.158
Asymp. Sig. (2-tailed) .893 Asymp. Sig. (2-tailed) .247
Exact Sig. [2*(1-tailed Sig.)] .902a Exact Sig. [2*(1-tailed Sig.)] .259a
3 7 8.07 56.50 Mann-Whitney U 20.500 7 7 4.57 32.00 Mann-Whitney U 4.000
4 7 6.93 48.50 Wilcoxon W 48.500 8 7 10.43 73.00 Wilcoxon W 32.000
Total 14 Z -.605 Total 14 Z -2.808
Asymp. Sig. (2-tailed) .545 Asymp. Sig. (2-tailed) .005
Exact Sig. [2*(1-tailed Sig.)] .620a Exact Sig. [2*(1-tailed Sig.)] .007a
3 7 4.86 34.00 Mann-Whitney U 6.000 7 7 4.86 34.00 Mann-Whitney U 6.000
5 7 10.14 71.00 Wilcoxon W 34.000 9 7 10.14 71.00 Wilcoxon W 34.000
Total 14 Z -2.691 Total 14 Z -2.691
Asymp. Sig. (2-tailed) .007 Asymp. Sig. (2-tailed) .007
Exact Sig. [2*(1-tailed Sig.)] .017a Exact Sig. [2*(1-tailed Sig.)] .017a
3 7 8.29 58.00 Mann-Whitney U 19.000 0 7 9.93 69.50 Mann-Whitney U 7.500
6 7 6.71 47.00 Wilcoxon W 47.000 7 7 5.07 35.50 Wilcoxon W 35.500
Total 14 Z -.732 Total 14 Z -2.317
Asymp. Sig. (2-tailed) .464 Asymp. Sig. (2-tailed) .021
Exact Sig. [2*(1-tailed Sig.)] .535a Exact Sig. [2*(1-tailed Sig.)] .026a
3 7 9.50 66.50 Mann-Whitney U 10.500 8 7 8.29 58.00 Mann-Whitney U 19.000
7 7 5.50 38.50 Wilcoxon W 38.500 9 7 6.71 47.00 Wilcoxon W 47.000
Total 14 Z -2.082 Total 14 Z -.886
Asymp. Sig. (2-tailed) .037 Asymp. Sig. (2-tailed) .375
Exact Sig. [2*(1-tailed Sig.)] .073a Exact Sig. [2*(1-tailed Sig.)] .535a
3 7 5.71 40.00 Mann-Whitney U 12.000 0 7 7.64 53.50 Mann-Whitney U 23.500
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8 7 9.29 65.00 Wilcoxon W 40.000 8 7 7.36 51.50 Wilcoxon W 51.500
Total 14 Z -2.015 Total 14 Z -.138
Asymp. Sig. (2-tailed) .044 Asymp. Sig. (2-tailed) .890
Exact Sig. [2*(1-tailed Sig.)] .128a Exact Sig. [2*(1-tailed Sig.)] .902a
0 7 7.93 55.50 Mann-Whitney U 21.500
9 7 7.07 49.50 Wilcoxon W 49.500
Total 14 Z -.447
Asymp. Sig. (2-tailed) .655
Exact Sig. [2*(1-tailed Sig.)] .710a
a. Not corrected for ties.
b. Grouping Variable: Group
Table D. 15 Mann-Whitney U test for Borg’s RPE of group A
Ranks Test Statisticsb Ranks Test Statisticsb
Group N Mean Rank Sum of Ranks BorgsGA Group N Mean 
Rank
Sum of Ranks BorgsGA
1 7 4.86 34.00 Mann-Whitney U 6.000 3 7 9.64 67.50 Mann-Whitney U 9.500
2 7 10.14 71.00 Wilcoxon W 34.000 9 7 5.36 37.50 Wilcoxon W 37.500
Total 1
4
Z -2.434 Total 1
4
Z -2.044
Asymp. Sig. (2-tailed) .015 Asymp. Sig. (2-tailed) .041
Exact Sig. [2*(1-tailed 
Sig.)]
.017a Exact Sig. [2*(1-tailed 
Sig.)]
.053a
1 7 7.71 54.00 Mann-Whitney U 23.000 0 7 10.43 73.00 Mann-Whitney U 4.000
3 7 7.29 51.00 Wilcoxon W 51.000 3 7 4.57 32.00 Wilcoxon W 32.000
Total 1
4
Z -.225 Total 1
4
Z -2.763
Asymp. Sig. (2-tailed) .822 Asymp. Sig. (2-tailed) .006
Exact Sig. [2*(1-tailed 
Sig.)]
.902a Exact Sig. [2*(1-tailed 
Sig.)]
.007a
1 7 6.64 46.50 Mann-Whitney U 18.500 4 7 11.00 77.00 Mann-Whitney U .000
4 7 8.36 58.50 Wilcoxon W 46.500 5 7 4.00 28.00 Wilcoxon W 28.000
Total 1
4
Z -.967 Total 1
4
Z -3.339
Asymp. Sig. (2-tailed) .334 Asymp. Sig. (2-tailed) .001
Exact Sig. [2*(1-tailed 
Sig.)]
.456a Exact Sig. [2*(1-tailed 
Sig.)]
.001a
1 7 11.00 77.00 Mann-Whitney U .000 4 7 11.00 77.00 Mann-Whitney U .000
5 7 4.00 28.00 Wilcoxon W 28.000 6 7 4.00 28.00 Wilcoxon W 28.000
Total 1
4
Z -3.343 Total 1
4
Z -3.339
Asymp. Sig. (2-tailed) .001 Asymp. Sig. (2-tailed) .001
Exact Sig. [2*(1-tailed 
Sig.)]
.001a Exact Sig. [2*(1-tailed 
Sig.)]
.001a
1 7 11.00 77.00 Mann-Whitney U .000 4 7 4.57 32.00 Mann-Whitney U 4.000
6 7 4.00 28.00 Wilcoxon W 28.000 7 7 10.43 73.00 Wilcoxon W 32.000
Total 1
4
Z -3.343 Total 1
4
Z -2.763
Asymp. Sig. (2-tailed) .001 Asymp. Sig. (2-tailed) .006
Exact Sig. [2*(1-tailed 
Sig.)]
.001a Exact Sig. [2*(1-tailed 
Sig.)]
.007a
1 7 4.36 30.50 Mann-Whitney U 2.500 4 7 10.50 73.50 Mann-Whitney U 3.500
7 7 10.64 74.50 Wilcoxon W 30.500 8 7 4.50 31.50 Wilcoxon W 31.500
Total 1
4
Z -2.965 Total 1
4
Z -2.862
Asymp. Sig. (2-tailed) .003 Asymp. Sig. (2-tailed) .004
Exact Sig. [2*(1-tailed 
Sig.)]
.002a Exact Sig. [2*(1-tailed 
Sig.)]
.004a
1 7 10.00 70.00 Mann-Whitney U 7.000 4 7 10.21 71.50 Mann-Whitney U 5.500
8 7 5.00 35.00 Wilcoxon W 35.000 9 7 4.79 33.50 Wilcoxon W 33.500
Total 1
4
Z -2.450 Total 1
4
Z -2.542
Asymp. Sig. (2-tailed) .014 Asymp. Sig. (2-tailed) .011
Exact Sig. [2*(1-tailed 
Sig.)]
.026a Exact Sig. [2*(1-tailed 
Sig.)]
.011a
1 7 9.43 66.00 Mann-Whitney U 11.000 0 7 10.00 70.00 Mann-Whitney U 7.000
9 7 5.57 39.00 Wilcoxon W 39.000 4 7 5.00 35.00 Wilcoxon W 35.000
Total 1
4
Z -1.828 Total 1
4
Z -2.418
Asymp. Sig. (2-tailed) .067 Asymp. Sig. (2-tailed) .016
Exact Sig. [2*(1-tailed 
Sig.)]
.097a Exact Sig. [2*(1-tailed 
Sig.)]
.026a
0 7 10.29 72.00 Mann-Whitney U 5.000 5 7 4.43 31.00 Mann-Whitney U 3.000
1 7 4.71 33.00 Wilcoxon W 33.000 6 7 10.57 74.00 Wilcoxon W 31.000
Total 1
4
Z -2.698 Total 1
4
Z -3.071
Asymp. Sig. (2-tailed) .007 Asymp. Sig. (2-tailed) .002
Exact Sig. [2*(1-tailed 
Sig.)]
.011a Exact Sig. [2*(1-tailed 
Sig.)]
.004a
2 7 10.07 70.50 Mann-Whitney U 6.500 5 7 4.00 28.00 Mann-Whitney U .000
3 7 4.93 34.50 Wilcoxon W 34.500 7 7 11.00 77.00 Wilcoxon W 28.000
Total 1
4
Z -2.336 Total 1
4
Z -3.298
Asymp. Sig. (2-tailed) .019 Asymp. Sig. (2-tailed) .001
Exact Sig. [2*(1-tailed 
Sig.)]
.017a Exact Sig. [2*(1-tailed 
Sig.)]
.001a
2 7 9.93 69.50 Mann-Whitney U 7.500 5 7 4.07 28.50 Mann-Whitney U .500
4 7 5.07 35.50 Wilcoxon W 35.500 8 7 10.93 76.50 Wilcoxon W 28.500
Total 1
4
Z -2.237 Total 1
4
Z -3.275
Asymp. Sig. (2-tailed) .025 Asymp. Sig. (2-tailed) .001
Exact Sig. [2*(1-tailed 
Sig.)]
.026a Exact Sig. [2*(1-tailed 
Sig.)]
.001a
2 7 11.00 77.00 Mann-Whitney U .000 5 7 4.00 28.00 Mann-Whitney U .000
5 7 4.00 28.00 Wilcoxon W 28.000 9 7 11.00 77.00 Wilcoxon W 28.000
Total 1
4
Z -3.266 Total 1
4
Z -3.314
Asymp. Sig. (2-tailed) .001 Asymp. Sig. (2-tailed) .001
Exact Sig. [2*(1-tailed 
Sig.)]
.001a Exact Sig. [2*(1-tailed 
Sig.)]
.001a
2 7 11.00 77.00 Mann-Whitney U .000 0 7 11.00 77.00 Mann-Whitney U .000
6 7 4.00 28.00 Wilcoxon W 28.000 5 7 4.00 28.00 Wilcoxon W 28.000
Total 1
4
Z -3.266 Total 1
4
Z -3.302
Asymp. Sig. (2-tailed) .001 Asymp. Sig. (2-tailed) .001
Exact Sig. [2*(1-tailed 
Sig.)]
.001a Exact Sig. [2*(1-tailed 
Sig.)]
.001a
2 7 7.93 55.50 Mann-Whitney U 21.500 6 7 4.00 28.00 Mann-Whitney U .000
7 7 7.07 49.50 Wilcoxon W 49.500 7 7 11.00 77.00 Wilcoxon W 28.000
Total 1
4
Z -.395 Total 1
4
Z -3.298
Asymp. Sig. (2-tailed) .693 Asymp. Sig. (2-tailed) .001
Exact Sig. [2*(1-tailed 
Sig.)]
.710a Exact Sig. [2*(1-tailed 
Sig.)]
.001a
2 7 10.50 73.50 Mann-Whitney U 3.500 6 7 4.57 32.00 Mann-Whitney U 4.000
8 7 4.50 31.50 Wilcoxon W 31.500 8 7 10.43 73.00 Wilcoxon W 32.000
Total 1
4
Z -2.800 Total 1
4
Z -2.870
Asymp. Sig. (2-tailed) .005 Asymp. Sig. (2-tailed) .004
Exact Sig. [2*(1-tailed 
Sig.)]
.004a Exact Sig. [2*(1-tailed 
Sig.)]
.007a
2 7 10.21 71.50 Mann-Whitney U 5.500 6 7 4.00 28.00 Mann-Whitney U .000
9 7 4.79 33.50 Wilcoxon W 33.500 9 7 11.00 77.00 Wilcoxon W 28.000
Total 1
4
Z -2.489 Total 1
4
Z -3.314
Asymp. Sig. (2-tailed) .013 Asymp. Sig. (2-tailed) .001
Exact Sig. [2*(1-tailed 
Sig.)]
.011a Exact Sig. [2*(1-tailed 
Sig.)]
.001a
0 7 8.21 57.50 Mann-Whitney U 19.500 0 7 11.00 77.00 Mann-Whitney U .000
2 7 6.79 47.50 Wilcoxon W 47.500 6 7 4.00 28.00 Wilcoxon W 28.000
Total 1
4
Z -.667 Total 1
4
Z -3.302
Asymp. Sig. (2-tailed) .505 Asymp. Sig. (2-tailed) .001
Exact Sig. [2*(1-tailed 
Sig.)]
.535a Exact Sig. [2*(1-tailed 
Sig.)]
.001a
3 7 6.36 44.50 Mann-Whitney U 16.500 7 7 11.00 77.00 Mann-Whitney U .000
4 7 8.64 60.50 Wilcoxon W 44.500 8 7 4.00 28.00 Wilcoxon W 28.000
Total 1
4
Z -1.195 Total 1
4
Z -3.239
Asymp. Sig. (2-tailed) .232 Asymp. Sig. (2-tailed) .001
Exact Sig. [2*(1-tailed 
Sig.)]
.318a Exact Sig. [2*(1-tailed 
Sig.)]
.001a
3 7 11.00 77.00 Mann-Whitney U .000 7 7 11.00 77.00 Mann-Whitney U .000
5 7 4.00 28.00 Wilcoxon W 28.000 9 7 4.00 28.00 Wilcoxon W 28.000
Total 1
4
Z -3.302 Total 1
4
Z -3.216
Asymp. Sig. (2-tailed) .001 Asymp. Sig. (2-tailed) .001
Exact Sig. [2*(1-tailed 
Sig.)]
.001a Exact Sig. [2*(1-tailed 
Sig.)]
.001a
3 7 11.00 77.00 Mann-Whitney U .000 0 7 8.71 61.00 Mann-Whitney U 16.000
6 7 4.00 28.00 Wilcoxon W 28.000 7 7 6.29 44.00 Wilcoxon W 44.000
Total 1
4
Z -3.302 Total 1
4
Z -1.129
Asymp. Sig. (2-tailed) .001 Asymp. Sig. (2-tailed) .259
Exact Sig. [2*(1-tailed 
Sig.)]
.001a Exact Sig. [2*(1-tailed 
Sig.)]
.318a
3 7 4.29 30.00 Mann-Whitney U 2.000 8 7 5.79 40.50 Mann-Whitney U 12.500
7 7 10.71 75.00 Wilcoxon W 30.000 9 7 9.21 64.50 Wilcoxon W 40.500
Total 1
4
Z -2.978 Total 1
4
Z -1.746
Asymp. Sig. (2-tailed) .003 Asymp. Sig. (2-tailed) .081
Exact Sig. [2*(1-tailed 
Sig.)]
.002a Exact Sig. [2*(1-tailed 
Sig.)]
.128a
3 7 10.36 72.50 Mann-Whitney U 4.500 0 7 11.00 77.00 Mann-Whitney U .000
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8 7 4.64 32.50 Wilcoxon W 32.500 8 7 4.00 28.00 Wilcoxon W 28.000
Total 1
4
Z -2.705 Total 1
4
Z -3.243
Asymp. Sig. (2-tailed) .007 Asymp. Sig. (2-tailed) .001
Exact Sig. [2*(1-tailed 
Sig.)]
.007a Exact Sig. [2*(1-tailed 
Sig.)]
.001a
0 7 11.00 77.00 Mann-Whitney U .000
9 7 4.00 28.00 Wilcoxon W 28.000
Total 1
4
Z -3.220
Asymp. Sig. (2-tailed) .001
Exact Sig. [2*(1-tailed 
Sig.)]
.001a
a. Not corrected for ties.
b. Grouping Variable: Group
Table D. 16 Wilcoxon test between PMV and AMV within participants of Group A
Ranks
N Mean Rank Sum of Ranks
AMV131MGA - PMV131MGA Negative Ranks 7a 4 28
Positive Ranks 0b 0 0
Ties 0c
Total 7
AMV132MGA - PMV132MGA Negative Ranks 4d 5.5 22
Positive Ranks 3e 2 6
Ties 0f
Total 7
AMV133MGA - PMV133MGA Negative Ranks 7g 4 28
Positive Ranks 0h 0 0
Ties 0i
Total 7
AMV134MGA - PMV134MGA Negative Ranks 7j 4 28
Positive Ranks 0k 0 0
Ties 0l
Total 7
AMV135MGA - PMV135MGA Negative Ranks 7m 4 28
Positive Ranks 0n 0 0
Ties 0o
Total 7
AMV136MGA - PMV136MGA Negative Ranks 7p 4 28
Positive Ranks 0q 0 0
Ties 0r
Total 7
AMV137MGA - PMV137MGA Negative Ranks 6s 4.5 27
Positive Ranks 1t 1 1
Ties 0u
Total 7
AMV138MGA - PMV138MGA Negative Ranks 7v 4 28
Positive Ranks 0w 0 0
Ties 0x
Total 7
AMV139MGA - PMV139MGA Negative Ranks 7y 4 28
Positive Ranks 0z 0 0
Ties 0aa
Total 7
AMV140MGA - PMV140MGA Negative Ranks 5ab 4 20
Positive Ranks 2ac 4 8
Ties 0ad
Total 7
a. AMV131MGA < PMV131MGA     b. AMV131MGA > PMV131MGA
c. AMV131MGA = PMV131MGA     d. AMV132MGA < PMV132MGA
e. AMV132MGA > PMV132MGA     f. AMV132MGA = PMV132MGA
g. AMV133MGA < PMV133MGA     h. AMV133MGA > PMV133MGA
i. AMV133MGA = PMV133MGA      j. AMV134MGA < PMV134MGA
k. AMV134MGA > PMV134MGA     l. AMV134MGA = PMV134MGA
m. AMV135MGA < PMV135MGA    n. AMV135MGA > PMV135MGA
o. AMV135MGA = PMV135MGA     p. AMV136MGA < PMV136MGA
q. AMV136MGA > PMV136MGA     r. AMV136MGA = PMV136MGA
s. AMV137MGA < PMV137MGA      t. AMV137MGA > PMV137MGA
u. AMV137MGA = PMV137MGA      v. AMV138MGA < PMV138MGA
w. AMV138MGA > PMV138MGA     x. AMV138MGA = PMV138MGA
y. AMV139MGA < PMV139MGA      z. AMV139MGA > PMV139MGA
aa. AMV139MGA = PMV139MGA    ab. AMV140MGA < PMV140MGA
ac. AMV140MGA > PMV140MGA    ad. AMV140MGA = PMV140MGA
Test Statisticsb
131MGA 132MGA 133MGA 134MGA 135MGA 136MGA 137MGA 138MGA 139MGA 140MGA 
Z -2.366a -1.352a -2.366a -2.366a -2.366a -2.366a -2.197a -2.366a -2.366a -1.014a
Asymp. Sig. (2-tailed) 0.01796 0.176296 0.01796 0.01796 0.01796 0.01796 0.027992 0.01796 0.01796 0.310494
a. Based on positive ranks.
b. Wilcoxon Signed Ranks Test
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0.7 D.4 Difference within participants for groups B and C
The statistical outcomes in section 9.5 and 9.6 were shown in Table D. 17 and Table
D. 18.
Table D. 17 Wilcoxon test between PMV and AMV within participants of Group B
Ranks
  N Mean Sum of 
AMV141MGB - PMV141MGB Negative Ranks 6a 3.50 21.00
Positive Ranks 1b 7.00 7.00
Ties 0c   
Total 7   
AMV142MGB - PMV142MGB Negative Ranks 0d .00 .00
Positive Ranks 7e 4.00 28.00
Ties 0f   
Total 7   
AMV143MGB - PMV143MGB Negative Ranks 0g .00 .00
Positive Ranks 7h 4.00 28.00
Ties 0i   
Total 7   
AMV144MGB - PMV144MGB Negative Ranks 4j 5.00 20.00
Positive Ranks 3k 2.67 8.00
Ties 0l   
Total 7   
AMV145MGB - PMV145MGB Negative Ranks 3m 4.67 14.00
Positive Ranks 4n 3.50 14.00
Ties 0o   
Total 7   
AMV146MGB - PMV146MGB Negative Ranks 1p 6.00 6.00
Positive Ranks 6q 3.67 22.00
Ties 0r   
Total 7   
AMV147MGB - PMV147MGB Negative Ranks 1s 2.00 2.00
Positive Ranks 6t 4.33 26.00
Ties 0u   
Total 7   
AMV148MGB - PMV148MGB Negative Ranks 1v 3.00 3.00
Positive Ranks 6w 4.17 25.00
Ties 0x   
Total 7   
a. AMV141MGB < PMV141MGB           b. AMV141MGB > PMV141MGB
c. AMV141MGB = PMV141MGB           d. AMV142MGB < PMV142MGB
e. AMV142MGB > PMV142MGB           f. AMV142MGB = PMV142MGB
g. AMV143MGB < PMV143MGB          h. AMV143MGB > PMV143MGB
i. AMV143MGB = PMV143MGB            j. AMV144MGB < PMV144MGB
k. AMV144MGB > PMV144MGB           l. AMV144MGB = PMV144MGB
m. AMV145MGB < PMV145MGB          n. AMV145MGB > PMV145MGB
o. AMV145MGB = PMV145MGB           p. AMV146MGB < PMV146MGB
q. AMV146MGB > PMV146MGB           r. AMV146MGB = PMV146MGB
s. AMV147MGB < PMV147MGB            t. AMV147MGB > PMV147MGB
u. AMV147MGB = PMV147MGB           v. AMV148MGB < PMV148MGB
w. AMV148MGB > PMV148MGB          x. AMV148MGB = PMV148MGB 
Test Statisticsd
 141MGB 142MGB 143MGB 144MGB 145MG 146MGB 147MGB 148MGB 
Z -1.183a -2.366b -2.366b -1.014a .000c -1.352b -2.028b -1.859b
Asymp. Sig. (2-tailed) .237 .018 .018 .310 1.000 .176 .043 .063
a. Based on positive ranks.        
b. Based on negative ranks.        
c. The sum of negative ranks equals the sum of positive ranks.      
d. Wilcoxon Signed Ranks Test        
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Table D. 18 Wilcoxon test between PMV and AMV within participants of Group C
Ranks
  N Mean Rank Sum of Ranks
PMV149MGC - AMV149MGC Negative 7a 8.14 57.00
Positive Ranks 6b 5.67 34.00
Ties 0c   
Total 13   
PMV150MGC - AMV150MGC Negative 
Ranks
3d 4.67 14.00
Positive Ranks 10e 7.70 77.00
Ties 0f   
Total 13   
PMV151MGC - AMV151MGC Negative 
Ranks
1g 12.00 12.00
Positive Ranks 12h 6.58 79.00
Ties 0i   
Total 13   
PMV152MGC - AMV152MGC Negative 
Ranks
8j 6.38 51.00
Positive Ranks 5k 8.00 40.00
Ties 0l   
Total 13   
PMV153MGC - AMV153MGC Negative 
Ranks
0m .00 .00
Positive Ranks 13n 7.00 91.00
Ties 0o   
Total 13   
PMV154MGC - AMV154MGC Negative 
Ranks
8p 5.50 44.00
Positive Ranks 5q 9.40 47.00
Ties 0r   
Total 13   
PMV155MGC - AMV155MGC Negative 
Ranks
6s 8.00 48.00
Positive Ranks 7t 6.14 43.00
Ties 0u   
Total 13   
PMV156MGC - AMV156MGC Negative 
Ranks
0v .00 .00
Positive Ranks 13w 7.00 91.00
Ties 0x   
Total 13   
PMV157MGC - AMV157MGC Negative 
Ranks
12y 7.25 87.00
Positive Ranks 1z 4.00 4.00
Ties 0aa   
Total 13   
PMV158MGC - AMV158MGC Negative 
Ranks
13ab 7.00 91.00
Positive Ranks 0ac .00 .00
Ties 0ad   
Total 13   
a. PMV149MGC < AMV149MGC       b. PMV149MGC > AMV149MGC
c. PMV149MGC = AMV149MGC      d. PMV150MGC < AMV150MGC
e. PMV150MGC > AMV150MGC       f. PMV150MGC = AMV150MGC
g. PMV151MGC < AMV151MGC      h. PMV151MGC > AMV151MGC
i. PMV151MGC = AMV151MGC       j. PMV152MGC < AMV152MGC
k. PMV152MGC > AMV152MGC      l. PMV152MGC = AMV152MGC
m. PMV153MGC < AMV153MGC     n. PMV153MGC > AMV153MGC
o. PMV153MGC = AMV153MGC      p. PMV154MGC < AMV154MGC
q. PMV154MGC > AMV154MGC      r. PMV154MGC = AMV154MGC
s. PMV155MGC < AMV155MGC      t. PMV155MGC > AMV155MGC
u. PMV155MGC = AMV155MGC      v. PMV156MGC < AMV156MGC
w. PMV156MGC > AMV156MGC     x. PMV156MGC = AMV156MGC
y. PMV157MGC < AMV157MGC      z. PMV157MGC > AMV157MGC
aa. PMV157MGC = AMV157MGC    ab. PMV158MGC < AMV158MGC
ac. PMV158MGC > AMV158MGC    ad. PMV158MGC = AMV158MGC 
Test Statisticsc
 149MGC 150MGC 151MGC 152MGC 153MGC 154MGC 155MGC 156MGC 157MGC 158MGC
Z -.804a -2.201b -2.341b -.384a -3.180b -.105b -.175a -3.180b -2.900a -3.180a
Asymp. Sig. 
(2-tailed)
.422 .028 .019 .701 .001 .917 .861 .001 .004 .001
a. Based on positive ranks.
b. Based on negative ranks.
 c. Wilcoxon Signed Ranks Test
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0.8 D.5 Difference between participants for group D
The statistical outcomes in section 9.5 and 9.6 were shown in Table D. 19 and Table
D. 27.
Table D. 19 paired t-test of aural temperature between participants of group D
Paired Samples Test
  Paired Differences
  
Mean SD
Std. Error 
Mean
95% Confidence Interval of 
the Difference
t df
Sig. 
(2-
tailed)  Lower UpperPair 1 MGD159 - MGD160 0.42869 0.20906 0.02677 0.37515 0.48223 16.016 60 0
Pair 2 MGD159 - MGD161 0.17377 0.22705 0.02907 0.11562 0.23192 5.978 60 0
Pair 3 MGD159 - MGD162 0.18197 0.24444 0.0313 0.11936 0.24457 5.814 60 0
Pair 4 MGD159 - MGD163 -0.0697 0.1566 0.02005 -0.1098 -0.02957 -3.475 60 0.001
Pair 5 MGD159 - MGD164 0.47295 0.32205 0.04123 0.39047 0.55543 11.47 60 0
Pair 6 MGD159 - MGD165 0.08033 0.24243 0.03104 0.01824 0.14242 2.588 60 0.012
Pair 7 MGD159 - MGD166 0.36475 0.10502 0.01345 0.33786 0.39165 27.127 60 0
Pair 8 MGD159 - MGD167 0.72541 0.15536 0.01989 0.68562 0.7652 36.469 60 0
Pair 9 MGD159 - MGD168 -0.1746 0.1993 0.02552 -0.2256 -0.12355 -6.842 60 0
Pair 10 MGD160 - MGD161 -0.2549 0.05455 0.00698 -0.2689 -0.24095 -36.5 60 0
Pair 11 MGD160 - MGD162 -0.2467 0.40813 0.05226 -0.3513 -0.14219 -4.721 60 0
Pair 12 MGD160 - MGD163 -0.4984 0.33541 0.04294 -0.5843 -0.41246 -11.605 60 0
Pair 13 MGD160 - MGD164 0.04426 0.132 0.0169 0.01045 0.07807 2.619 60 0.011
Pair 14 MGD160 - MGD165 -0.3484 0.40145 0.0514 -0.4512 -0.24554 -6.777 60 0
Pair 15 MGD160 - MGD166 -0.0639 0.16282 0.02085 -0.1056 -0.02223 -3.067 60 0.003
Pair 16 MGD160 - MGD167 0.29672 0.28793 0.03687 0.22298 0.37046 8.049 60 0
Pair 17 MGD160 - MGD168 -0.6033 0.25947 0.03322 -0.6697 -0.53683 -18.159 60 0
Pair 18 MGD161 - MGD162 0.0082 0.41404 0.05301 -0.0978 0.11424 0.155 60 0.878
Pair 19 MGD161 - MGD163 -0.2434 0.34466 0.04413 -0.3317 -0.15517 -5.517 60 0
Pair 20 MGD161 - MGD164 0.29918 0.13979 0.0179 0.26338 0.33498 16.716 60 0
Pair 21 MGD161 - MGD165 -0.0934 0.40275 0.05157 -0.1966 0.00971 -1.812 60 0.075
Pair 22 MGD161 - MGD166 0.19098 0.16646 0.02131 0.14835 0.23362 8.961 60 0
Pair 23 MGD161 - MGD167 0.55164 0.30495 0.03905 0.47354 0.62974 14.128 60 0
Pair 24 MGD161 - MGD168 -0.3484 0.25527 0.03268 -0.4137 -0.28298 -10.658 60 0
Pair 25 MGD162 - MGD163 -0.2516 0.11179 0.01431 -0.2803 -0.22301 -17.581 60 0
Pair 26 MGD162 - MGD164 0.29098 0.53311 0.06826 0.15445 0.42752 4.263 60 0
Pair 27 MGD162 - MGD165 -0.1016 0.07798 0.00998 -0.1216 -0.08167 -10.18 60 0
Pair 28 MGD162 - MGD166 0.18279 0.25477 0.03262 0.11754 0.24804 5.604 60 0
Pair 29 MGD162 - MGD167 0.54344 0.18154 0.02324 0.49695 0.58994 23.38 60 0
Pair 30 MGD162 - MGD168 -0.3566 0.20564 0.02633 -0.4092 -0.30389 -13.542 60 0
Pair 31 MGD163 - MGD164 0.54262 0.45578 0.05836 0.42589 0.65935 9.298 60 0
Pair 32 MGD163 - MGD165 0.15 0.11511 0.01474 0.12052 0.17948 10.178 60 0
Pair 33 MGD163 - MGD166 0.43443 0.18831 0.02411 0.3862 0.48266 18.018 60 0
Pair 34 MGD163 - MGD167 0.79508 0.15511 0.01986 0.75536 0.83481 40.035 60 0
Pair 35 MGD163 - MGD168 -0.1049 0.18679 0.02392 -0.1528 -0.05708 -4.387 60 0
Pair 36 MGD164 - MGD165 -0.3926 0.52669 0.06744 -0.5275 -0.25773 -5.822 60 0
Pair 37 MGD164 - MGD166 -0.1082 0.28696 0.03674 -0.1817 -0.0347 -2.945 60 0.005
Pair 38 MGD164 - MGD167 0.25246 0.40347 0.05166 0.14913 0.35579 4.887 60 0
Pair 39 MGD164 - MGD168 -0.6475 0.37853 0.04847 -0.7445 -0.55059 -13.361 60 0
Pair 40 MGD165 - MGD166 0.28443 0.24333 0.03116 0.22211 0.34675 9.129 60 0
Pair 41 MGD165 - MGD167 0.64508 0.21539 0.02758 0.58992 0.70025 23.391 60 0
Pair 42 MGD165 - MGD168 -0.2549 0.19444 0.0249 -0.3047 -0.20512 -10.239 60 0
Pair 43 MGD166 - MGD167 0.36066 0.17032 0.02181 0.31703 0.40428 16.538 60 0
Pair 44 MGD166 - MGD168 -0.5393 0.12849 0.01645 -0.5723 -0.50644 -32.784 60 0
Pair 45 MGD167 - MGD168 -0.9 0.17912 0.02293 -0.9459 -0.85413 -39.243 60 0
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Table D. 20 paired t-test for heart rate between participants of Group D
 Paired Differences
 
Mean SD
Std. 
Error 
Mean
95% Confidence Interval of 
the Difference
t df
Sig. 
(2-
tailed) Lower Upper
MGD159 - MGD160 4.62295 7.43452 0.95189 2.71888 6.52702 4.857 60 0
MGD159 - MGD161 -9.86885 7.57292 0.96961 -11.80837 -7.92934 -10.18 60 0
MGD159 - MGD162 -4.93443 9.41784 1.20583 -7.34645 -2.52241 -4.092 60 0
MGD159 - MGD163 -22.3934 7.45493 0.95451 -24.30274 -20.48415 -23.46 60 0
MGD159 - MGD164 -1.16393 6.36181 0.81455 -2.79327 0.4654 -1.429 60 0.158
MGD159 - MGD165 -7.09836 7.92613 1.01484 -9.12834 -5.06839 -6.995 60 0
MGD159 - MGD166 5.2623 7.58046 0.97058 3.32085 7.20374 5.422 60 0
MGD159 - MGD167 5.39344 6.47631 0.82921 3.73478 7.0521 6.504 60 0
MGD159 - MGD168 -6.29508 10.3479 1.32491 -8.94529 -3.64487 -4.751 60 0
MGD160 - MGD161 -14.4918 3.43328 0.43959 -15.37111 -13.6125 -32.97 60 0
MGD160 - MGD162 -9.55738 4.57356 0.58558 -10.72872 -8.38603 -16.32 60 0
MGD160 - MGD163 -27.0164 4.36078 0.55834 -28.13324 -25.89955 -48.39 60 0
MGD160 - MGD164 -5.78689 3.88207 0.49705 -6.78113 -4.79264 -11.64 60 0
MGD160 - MGD165 -11.7213 3.92908 0.50307 -12.7276 -10.71503 -23.3 60 0
MGD160 - MGD166 0.63934 3.88172 0.497 -0.35481 1.6335 1.286 60 0.203
MGD160 - MGD167 0.77049 3.88327 0.4972 -0.22406 1.76504 1.55 60 0.126
MGD160 - MGD168 -10.918 5.3457 0.68445 -12.28713 -9.54894 -15.95 60 0
MGD161 - MGD162 4.93443 4.68639 0.60003 3.73418 6.13467 8.224 60 0
MGD161 - MGD163 -12.5246 4.87034 0.62358 -13.77194 -11.27724 -20.09 60 0
MGD161 - MGD164 8.70492 4.12854 0.5286 7.64755 9.76229 16.468 60 0
MGD161 - MGD165 2.77049 4.25595 0.54492 1.68049 3.86049 5.084 60 0
MGD161 - MGD166 15.13115 4.4925 0.57521 13.98057 16.28173 26.306 60 0
MGD161 - MGD167 15.2623 4.01622 0.51422 14.23369 16.2909 29.68 60 0
MGD161 - MGD168 3.57377 6.60166 0.84526 1.88301 5.26454 4.228 60 0
MGD162 - MGD163 -17.459 5.70548 0.73051 -18.92026 -15.99778 -23.9 60 0
MGD162 - MGD164 3.77049 5.1101 0.65428 2.46173 5.07925 5.763 60 0
MGD162 - MGD165 -2.16393 5.07011 0.64916 -3.46245 -0.86542 -3.333 60 0.001
MGD162 - MGD166 10.19672 5.23393 0.67014 8.85625 11.53719 15.216 60 0
MGD162 - MGD167 10.32787 5.14691 0.65899 9.00968 11.64605 15.672 60 0
MGD162 - MGD168 -1.36066 6.07188 0.77742 -2.91574 0.19443 -1.75 60 0.085
MGD163 - MGD164 21.22951 4.83871 0.61953 19.99026 22.46876 34.267 60 0
MGD163 - MGD165 15.29508 4.63085 0.59292 14.10907 16.4811 25.796 60 0
MGD163 - MGD166 27.65574 5.12148 0.65574 26.34407 28.96741 42.175 60 0
MGD163 - MGD167 27.78689 4.6444 0.59466 26.5974 28.97637 46.728 60 0
MGD163 - MGD168 16.09836 7.22889 0.92556 14.24696 17.94976 17.393 60 0
MGD164 - MGD165 -5.93443 4.74647 0.60772 -7.15005 -4.7188 -9.765 60 0
MGD164 - MGD166 6.42623 5.05127 0.64675 5.13254 7.71992 9.936 60 0
MGD164 - MGD167 6.55738 3.82328 0.48952 5.57819 7.53657 13.395 60 0
MGD164 - MGD168 -5.13115 6.58654 0.84332 -6.81804 -3.44426 -6.084 60 0
MGD165 - MGD166 12.36066 5.31047 0.67994 11.00058 13.72073 18.179 60 0
MGD165 - MGD167 12.4918 4.38795 0.56182 11.368 13.61561 22.235 60 0
MGD165 - MGD168 0.80328 7.32307 0.93762 -1.07225 2.6788 0.857 60 0.395
MGD166 - MGD167 0.13115 4.7169 0.60394 -1.07691 1.3392 0.217 60 0.829
MGD166 - MGD168 -11.5574 6.53331 0.8365 -13.23064 -9.88412 -13.82 60 0
MGD167 - MGD168 -11.6885 6.27307 0.80318 -13.29513 -10.08192 -14.55 60 0
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Table D. 21 Mann-Whitney U for sensation between participants of group D
Ranks Test Statisticsb Ranks Test Statisticsb
Group N Mean Rank Sum of Ranks  AMVforgroupD Group N Mean Rank Sum of Ranks  AMVforgroupD
1 13 9.38 122.00 Mann-Whitney U 31.000 3 13 18.73 243.50 Mann-Whitney U 16.500
2 13 17.62 229.00 Wilcoxon W 122.000 9 13 8.27 107.50 Wilcoxon W 107.500
Total 26   Z -2.899 Total 26   Z -3.654
Asymp. Sig. (2-tailed) .004 Asymp. Sig. (2-tailed) .000
Exact Sig. [2*(1-tailed Sig.)] .005a Exact Sig. [2*(1-tailed Sig.)] .000a
1 13 7.92 103.00 Mann-Whitney U 12.000 0 13 8.88 115.50 Mann-Whitney U 24.500
3 13 19.08 248.00 Wilcoxon W 103.000 3 13 18.12 235.50 Wilcoxon W 115.500
Total 26   Z -3.863 Total 26   Z -3.352
Asymp. Sig. (2-tailed) .000 Asymp. Sig. (2-tailed) .001
Exact Sig. [2*(1-tailed Sig.)] .000a Exact Sig. [2*(1-tailed Sig.)] .001a
1 13 10.92 142.00 Mann-Whitney U 51.000 4 13 14.23 185.00 Mann-Whitney U 75.000
4 13 16.08 209.00 Wilcoxon W 142.000 5 13 12.77 166.00 Wilcoxon W 166.000
Total 26   Z -1.789 Total 26   Z -.552
Asymp. Sig. (2-tailed) .074 Asymp. Sig. (2-tailed) .581
Exact Sig. [2*(1-tailed Sig.)] .091a Exact Sig. [2*(1-tailed Sig.)] .650a
1 13 10.54 137.00 Mann-Whitney U 46.000 4 13 9.46 123.00 Mann-Whitney U 32.000
5 13 16.46 214.00 Wilcoxon W 137.000 6 13 17.54 228.00 Wilcoxon W 123.000
Total 26   Z -2.210 Total 26   Z -2.948
Asymp. Sig. (2-tailed) .027 Asymp. Sig. (2-tailed) .003
Exact Sig. [2*(1-tailed Sig.)] .050a Exact Sig. [2*(1-tailed Sig.)] .006a
1 13 7.92 103.00 Mann-Whitney U 12.000 4 13 8.15 106.00 Mann-Whitney U 15.000
6 13 19.08 248.00 Wilcoxon W 103.000 7 13 18.85 245.00 Wilcoxon W 106.000
Total 26   Z -3.863 Total 26   Z -3.739
Asymp. Sig. (2-tailed) .000 Asymp. Sig. (2-tailed) .000
Exact Sig. [2*(1-tailed Sig.)] .000a Exact Sig. [2*(1-tailed Sig.)] .000a
1 13 7.38 96.00 Mann-Whitney U 5.000 4 13 8.31 108.00 Mann-Whitney U 17.000
7 13 19.62 255.00 Wilcoxon W 96.000 8 13 18.69 243.00 Wilcoxon W 108.000
Total 26   Z -4.165 Total 26   Z -3.573
Asymp. Sig. (2-tailed) .000 Asymp. Sig. (2-tailed) .000
Exact Sig. [2*(1-tailed Sig.)] .000a Exact Sig. [2*(1-tailed Sig.)] .000a
1 13 7.54 98.00 Mann-Whitney U 7.000 4 13 15.69 204.00 Mann-Whitney U 56.000
8 13 19.46 253.00 Wilcoxon W 98.000 9 13 11.31 147.00 Wilcoxon W 147.000
Total 26   Z -4.044 Total 26   Z -1.524
Asymp. Sig. (2-tailed) .000 Asymp. Sig. (2-tailed) .127
Exact Sig. [2*(1-tailed Sig.)] .000a Exact Sig. [2*(1-tailed Sig.)] .153a
1 13 13.27 172.50 Mann-Whitney U 81.500 0 13 13.54 176.00 Mann-Whitney U 84.000
9 13 13.73 178.50 Wilcoxon W 172.500 4 13 13.46 175.00 Wilcoxon W 175.000
Total 26   Z -.161 Total 26   Z -.028
Asymp. Sig. (2-tailed) .872 Asymp. Sig. (2-tailed) .977
Exact Sig. [2*(1-tailed Sig.)] .880a Exact Sig. [2*(1-tailed Sig.)] 1.000a
0 13 16.92 220.00 Mann-Whitney U 40.000 5 13 8.19 106.50 Mann-Whitney U 15.500
1 13 10.08 131.00 Wilcoxon W 131.000 6 13 18.81 244.50 Wilcoxon W 106.500
Total 26   Z -2.466 Total 26   Z -3.855
Asymp. Sig. (2-tailed) .014 Asymp. Sig. (2-tailed) .000
Exact Sig. [2*(1-tailed Sig.)] .022a Exact Sig. [2*(1-tailed Sig.)] .000a
2 13 9.92 129.00 Mann-Whitney U 38.000 5 13 7.38 96.00 Mann-Whitney U 5.000
3 13 17.08 222.00 Wilcoxon W 129.000 7 13 19.62 255.00 Wilcoxon W 96.000
Total 26   Z -2.690 Total 26   Z -4.313
Asymp. Sig. (2-tailed) .007 Asymp. Sig. (2-tailed) .000
Exact Sig. [2*(1-tailed Sig.)] .016a Exact Sig. [2*(1-tailed Sig.)] .000a
2 13 14.69 191.00 Mann-Whitney U 69.000 5 13 7.81 101.50 Mann-Whitney U 10.500
4 13 12.31 160.00 Wilcoxon W 160.000 8 13 19.19 249.50 Wilcoxon W 101.500
Total 26   Z -.878 Total 26   Z -4.041
Asymp. Sig. (2-tailed) .380 Asymp. Sig. (2-tailed) .000
Exact Sig. [2*(1-tailed Sig.)] .448a Exact Sig. [2*(1-tailed Sig.)] .000a
2 13 16.00 208.00 Mann-Whitney U 52.000 5 13 15.96 207.50 Mann-Whitney U 52.500
5 13 11.00 143.00 Wilcoxon W 143.000 9 13 11.04 143.50 Wilcoxon W 143.500
Total 26   Z -2.021 Total 26   Z -1.801
Asymp. Sig. (2-tailed) .043 Asymp. Sig. (2-tailed) .072
Exact Sig. [2*(1-tailed Sig.)] .101a Exact Sig. [2*(1-tailed Sig.)] .101a
2 13 9.92 129.00 Mann-Whitney U 38.000 0 13 14.50 188.50 Mann-Whitney U 71.500
6 13 17.08 222.00 Wilcoxon W 129.000 5 13 12.50 162.50 Wilcoxon W 162.500
Total 26   Z -2.690 Total 26   Z -.913
Asymp. Sig. (2-tailed) .007 Asymp. Sig. (2-tailed) .361
Exact Sig. [2*(1-tailed Sig.)] .016a Exact Sig. [2*(1-tailed Sig.)] .511a
2 13 8.35 108.50 Mann-Whitney U 17.500 6 13 12.23 159.00 Mann-Whitney U 68.000
7 13 18.65 242.50 Wilcoxon W 108.500 7 13 14.77 192.00 Wilcoxon W 159.000
Total 26   Z -3.667 Total 26   Z -.917
Asymp. Sig. (2-tailed) .000 Asymp. Sig. (2-tailed) .359
Exact Sig. [2*(1-tailed Sig.)] .000a Exact Sig. [2*(1-tailed Sig.)] .418a
2 13 8.58 111.50 Mann-Whitney U 20.500 6 13 11.65 151.50 Mann-Whitney U 60.500
8 13 18.42 239.50 Wilcoxon W 111.500 8 13 15.35 199.50 Wilcoxon W 151.500
Total 26   Z -3.438 Total 26   Z -1.322
Asymp. Sig. (2-tailed) .001 Asymp. Sig. (2-tailed) .186
Exact Sig. [2*(1-tailed Sig.)] .000a Exact Sig. [2*(1-tailed Sig.)] .223a
2 13 17.12 222.50 Mann-Whitney U 37.500 6 13 18.73 243.50 Mann-Whitney U 16.500
9 13 9.88 128.50 Wilcoxon W 128.500 9 13 8.27 107.50 Wilcoxon W 107.500
Total 26   Z -2.547 Total 26   Z -3.654
Asymp. Sig. (2-tailed) .011 Asymp. Sig. (2-tailed) .000
Exact Sig. [2*(1-tailed Sig.)] .014a Exact Sig. [2*(1-tailed Sig.)] .000a
0 13 12.00 156.00 Mann-Whitney U 65.000 0 13 8.88 115.50 Mann-Whitney U 24.500
2 13 15.00 195.00 Wilcoxon W 156.000 6 13 18.12 235.50 Wilcoxon W 115.500
Total 26   Z -1.168 Total 26   Z -3.352
Asymp. Sig. (2-tailed) .243 Asymp. Sig. (2-tailed) .001
Exact Sig. [2*(1-tailed Sig.)] .336a Exact Sig. [2*(1-tailed Sig.)] .001a
3 13 17.54 228.00 Mann-Whitney U 32.000 7 13 12.04 156.50 Mann-Whitney U 65.500
4 13 9.46 123.00 Wilcoxon W 123.000 8 13 14.96 194.50 Wilcoxon W 156.500
Total 26   Z -2.948 Total 26   Z -1.026
Asymp. Sig. (2-tailed) .003 Asymp. Sig. (2-tailed) .305
Exact Sig. [2*(1-tailed Sig.)] .006a Exact Sig. [2*(1-tailed Sig.)] .336a
3 13 18.81 244.50 Mann-Whitney U 15.500 7 13 19.42 252.50 Mann-Whitney U 7.500
5 13 8.19 106.50 Wilcoxon W 106.500 9 13 7.58 98.50 Wilcoxon W 98.500
Total 26   Z -3.855 Total 26   Z -4.050
Asymp. Sig. (2-tailed) .000 Asymp. Sig. (2-tailed) .000
Exact Sig. [2*(1-tailed Sig.)] .000a Exact Sig. [2*(1-tailed Sig.)] .000a
3 13 13.50 175.50 Mann-Whitney U 84.500 0 13 7.77 101.00 Mann-Whitney U 10.000
6 13 13.50 175.50 Wilcoxon W 175.500 7 13 19.23 250.00 Wilcoxon W 101.000
Total 26   Z .000 Total 26   Z -4.015
Asymp. Sig. (2-tailed) 1.000 Asymp. Sig. (2-tailed) .000
Exact Sig. [2*(1-tailed Sig.)] 1.000a Exact Sig. [2*(1-tailed Sig.)] .000a
3 13 12.23 159.00 Mann-Whitney U 68.000 8 13 19.31 251.00 Mann-Whitney U 9.000
7 13 14.77 192.00 Wilcoxon W 159.000 9 13 7.69 100.00 Wilcoxon W 100.000
Total 26   Z -.917 Total 26   Z -3.943
Asymp. Sig. (2-tailed) .359 Asymp. Sig. (2-tailed) .000
Exact Sig. [2*(1-tailed Sig.)] .418a Exact Sig. [2*(1-tailed Sig.)] .000a
3 13 11.65 151.50 Mann-Whitney U 60.500 0 13 8.12 105.50 Mann-Whitney U 14.500
8 13 15.35 199.50 Wilcoxon W 151.500 8 13 18.88 245.50 Wilcoxon W 105.500
Total 26   Z -1.322 Total 26   Z -3.761
Asymp. Sig. (2-tailed) .186 Asymp. Sig. (2-tailed) .000
Exact Sig. [2*(1-tailed Sig.)] .223a Exact Sig. [2*(1-tailed Sig.)] .000a
0 13 16.42 213.50 Mann-Whitney U 46.500
9 13 10.58 137.50 Wilcoxon W 137.500
Total 26   Z -2.082
Asymp. Sig. (2-tailed) .037
Exact Sig. [2*(1-tailed Sig.)] .050a
a. Not corrected for ties.
b. Grouping Variable: Group
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Table D. 22 Mann-Whitney U for comfort between participants of Group D
Ranks Test Statisticsb Ranks Test Statisticsb
Group N Mean Rank Sum of Ranks  ComfortforGD Group N Mean Rank Sum of Ranks  ComfortforGD
1 13 9.00 117.00 Mann-Whitney U 26.000 3 13 15.00 195.00 Mann-Whitney U 65.000
2 13 18.00 234.00 Wilcoxon W 117.000 9 13 12.00 156.00 Wilcoxon W 156.000
Total 26   Z -3.503 Total 26   Z -1.154
Asymp. Sig. (2-tailed) .000 Asymp. Sig. (2-tailed) .249
Exact Sig. [2*(1-tailed Sig.)] .002a Exact Sig. [2*(1-tailed Sig.)] .336a
1 13 11.00 143.00 Mann-Whitney U 52.000 0 13 14.50 188.50 Mann-Whitney U 71.500
3 13 16.00 208.00 Wilcoxon W 143.000 3 13 12.50 162.50 Wilcoxon W 162.500
Total 26   Z -1.946 Total 26   Z -.833
Asymp. Sig. (2-tailed) .052 Asymp. Sig. (2-tailed) .405
Exact Sig. [2*(1-tailed Sig.)] .101a Exact Sig. [2*(1-tailed Sig.)] .511a
1 13 10.38 135.00 Mann-Whitney U 44.000 4 13 16.15 210.00 Mann-Whitney U 50.000
4 13 16.62 216.00 Wilcoxon W 135.000 5 13 10.85 141.00 Wilcoxon W 141.000
Total 26   Z -2.368 Total 26   Z -2.006
Asymp. Sig. (2-tailed) .018 Asymp. Sig. (2-tailed) .045
Exact Sig. [2*(1-tailed Sig.)] .039a Exact Sig. [2*(1-tailed Sig.)] .081a
1 13 13.00 169.00 Mann-Whitney U 78.000 4 13 9.69 126.00 Mann-Whitney U 35.000
5 13 14.00 182.00 Wilcoxon W 169.000 6 13 17.31 225.00 Wilcoxon W 126.000
Total 26   Z -.434 Total 26   Z -2.711
Asymp. Sig. (2-tailed) .665 Asymp. Sig. (2-tailed) .007
Exact Sig. [2*(1-tailed Sig.)] .762a Exact Sig. [2*(1-tailed Sig.)] .010a
1 13 7.96 103.50 Mann-Whitney U 12.500 4 13 16.62 216.00 Mann-Whitney U 44.000
6 13 19.04 247.50 Wilcoxon W 103.500 7 13 10.38 135.00 Wilcoxon W 135.000
Total 26   Z -3.954 Total 26   Z -2.201
Asymp. Sig. (2-tailed) .000 Asymp. Sig. (2-tailed) .028
Exact Sig. [2*(1-tailed Sig.)] .000a Exact Sig. [2*(1-tailed Sig.)] .039a
1 13 12.19 158.50 Mann-Whitney U 67.500 4 13 15.38 200.00 Mann-Whitney U 60.000
7 13 14.81 192.50 Wilcoxon W 158.500 8 13 11.62 151.00 Wilcoxon W 151.000
Total 26   Z -1.005 Total 26   Z -1.346
Asymp. Sig. (2-tailed) .315 Asymp. Sig. (2-tailed) .178
Exact Sig. [2*(1-tailed Sig.)] .390a Exact Sig. [2*(1-tailed Sig.)] .223a
1 13 11.08 144.00 Mann-Whitney U 53.000 4 13 15.69 204.00 Mann-Whitney U 56.000
8 13 15.92 207.00 Wilcoxon W 144.000 9 13 11.31 147.00 Wilcoxon W 147.000
Total 26   Z -1.780 Total 26   Z -1.657
Asymp. Sig. (2-tailed) .075 Asymp. Sig. (2-tailed) .097
Exact Sig. [2*(1-tailed Sig.)] .113a Exact Sig. [2*(1-tailed Sig.)] .153a
1 13 12.50 162.50 Mann-Whitney U 71.500 0 13 13.62 177.00 Mann-Whitney U 83.000
9 13 14.50 188.50 Wilcoxon W 162.500 4 13 13.38 174.00 Wilcoxon W 174.000
Total 26   Z -.833 Total 26   Z -.095
Asymp. Sig. (2-tailed) .405 Asymp. Sig. (2-tailed) .924
Exact Sig. [2*(1-tailed Sig.)] .511a Exact Sig. [2*(1-tailed Sig.)] .960a
0 13 17.00 221.00 Mann-Whitney U 39.000 5 13 8.12 105.50 Mann-Whitney U 14.500
1 13 10.00 130.00 Wilcoxon W 130.000 6 13 18.88 245.50 Wilcoxon W 105.500
Total 26   Z -2.692 Total 26   Z -3.819
Asymp. Sig. (2-tailed) .007 Asymp. Sig. (2-tailed) .000
Exact Sig. [2*(1-tailed Sig.)] .019a Exact Sig. [2*(1-tailed Sig.)] .000a
2 13 15.50 201.50 Mann-Whitney U 58.500 5 13 12.92 168.00 Mann-Whitney U 77.000
3 13 11.50 149.50 Wilcoxon W 149.500 7 13 14.08 183.00 Wilcoxon W 168.000
Total 26   Z -1.826 Total 26   Z -.433
Asymp. Sig. (2-tailed) .068 Asymp. Sig. (2-tailed) .665
Exact Sig. [2*(1-tailed Sig.)] .186a Exact Sig. [2*(1-tailed Sig.)] .724a
2 13 14.54 189.00 Mann-Whitney U 71.000 5 13 11.77 153.00 Mann-Whitney U 62.000
4 13 12.46 162.00 Wilcoxon W 162.000 8 13 15.23 198.00 Wilcoxon W 153.000
Total 26   Z -.943 Total 26   Z -1.255
Asymp. Sig. (2-tailed) .345 Asymp. Sig. (2-tailed) .209
Exact Sig. [2*(1-tailed Sig.)] .511a Exact Sig. [2*(1-tailed Sig.)] .264a
2 13 17.50 227.50 Mann-Whitney U 32.500 5 13 13.00 169.00 Mann-Whitney U 78.000
5 13 9.50 123.50 Wilcoxon W 123.500 9 13 14.00 182.00 Wilcoxon W 169.000
Total 26   Z -3.162 Total 26   Z -.404
Asymp. Sig. (2-tailed) .002 Asymp. Sig. (2-tailed) .686
Exact Sig. [2*(1-tailed Sig.)] .006a Exact Sig. [2*(1-tailed Sig.)] .762a
2 13 9.35 121.50 Mann-Whitney U 30.500 0 13 16.50 214.50 Mann-Whitney U 45.500
6 13 17.65 229.50 Wilcoxon W 121.500 5 13 10.50 136.50 Wilcoxon W 136.500
Total 26   Z -3.162 Total 26   Z -2.315
Asymp. Sig. (2-tailed) .002 Asymp. Sig. (2-tailed) .021
Exact Sig. [2*(1-tailed Sig.)] .004a Exact Sig. [2*(1-tailed Sig.)] .044a
2 13 18.77 244.00 Mann-Whitney U 16.000 6 13 19.12 248.50 Mann-Whitney U 11.500
7 13 8.23 107.00 Wilcoxon W 107.000 7 13 7.88 102.50 Wilcoxon W 102.500
Total 26   Z -3.823 Total 26   Z -3.894
Asymp. Sig. (2-tailed) .000 Asymp. Sig. (2-tailed) .000
Exact Sig. [2*(1-tailed Sig.)] .000a Exact Sig. [2*(1-tailed Sig.)] .000a
2 13 17.31 225.00 Mann-Whitney U 35.000 6 13 18.69 243.00 Mann-Whitney U 17.000
8 13 9.69 126.00 Wilcoxon W 126.000 8 13 8.31 108.00 Wilcoxon W 108.000
Total 26   Z -2.914 Total 26   Z -3.587
Asymp. Sig. (2-tailed) .004 Asymp. Sig. (2-tailed) .000
Exact Sig. [2*(1-tailed Sig.)] .010a Exact Sig. [2*(1-tailed Sig.)] .000a
2 13 17.00 221.00 Mann-Whitney U 39.000 6 13 18.73 243.50 Mann-Whitney U 16.500
9 13 10.00 130.00 Wilcoxon W 130.000 9 13 8.27 107.50 Wilcoxon W 107.500
Total 26   Z -2.830 Total 26   Z -3.698
Asymp. Sig. (2-tailed) .005 Asymp. Sig. (2-tailed) .000
Exact Sig. [2*(1-tailed Sig.)] .019a Exact Sig. [2*(1-tailed Sig.)] .000a
0 13 12.50 162.50 Mann-Whitney U 71.500 0 13 9.04 117.50 Mann-Whitney U 26.500
2 13 14.50 188.50 Wilcoxon W 162.500 6 13 17.96 233.50 Wilcoxon W 117.500
Total 26   Z -1.066 Total 26   Z -3.263
Asymp. Sig. (2-tailed) .286 Asymp. Sig. (2-tailed) .001
Exact Sig. [2*(1-tailed Sig.)] .511a Exact Sig. [2*(1-tailed Sig.)] .002a
3 13 12.69 165.00 Mann-Whitney U 74.000 7 13 11.08 144.00 Mann-Whitney U 53.000
4 13 14.31 186.00 Wilcoxon W 165.000 8 13 15.92 207.00 Wilcoxon W 144.000
Total 26   Z -.632 Total 26   Z -1.696
Asymp. Sig. (2-tailed) .528 Asymp. Sig. (2-tailed) .090
Exact Sig. [2*(1-tailed Sig.)] .614a Exact Sig. [2*(1-tailed Sig.)] .113a
3 13 15.50 201.50 Mann-Whitney U 58.500 7 13 13.35 173.50 Mann-Whitney U 82.500
5 13 11.50 149.50 Wilcoxon W 149.500 9 13 13.65 177.50 Wilcoxon W 173.500
Total 26   Z -1.543 Total 26   Z -.113
Asymp. Sig. (2-tailed) .123 Asymp. Sig. (2-tailed) .910
Exact Sig. [2*(1-tailed Sig.)] .186a Exact Sig. [2*(1-tailed Sig.)] .920a
3 13 8.73 113.50 Mann-Whitney U 22.500 0 13 17.31 225.00 Mann-Whitney U 35.000
6 13 18.27 237.50 Wilcoxon W 113.500 7 13 9.69 126.00 Wilcoxon W 126.000
Total 26   Z -3.405 Total 26   Z -2.719
Asymp. Sig. (2-tailed) .001 Asymp. Sig. (2-tailed) .007
Exact Sig. [2*(1-tailed Sig.)] .001a Exact Sig. [2*(1-tailed Sig.)] .010a
3 13 15.85 206.00 Mann-Whitney U 54.000 8 13 14.54 189.00 Mann-Whitney U 71.000
7 13 11.15 145.00 Wilcoxon W 145.000 9 13 12.46 162.00 Wilcoxon W 162.000
Total 26   Z -1.675 Total 26   Z -.747
Asymp. Sig. (2-tailed) .094 Asymp. Sig. (2-tailed) .455
Exact Sig. [2*(1-tailed Sig.)] .125a Exact Sig. [2*(1-tailed Sig.)] .511a
3 13 14.54 189.00 Mann-Whitney U 71.000 0 13 15.92 207.00 Mann-Whitney U 53.000
8 13 12.46 162.00 Wilcoxon W 162.000 8 13 11.08 144.00 Wilcoxon W 144.000
Total 26   Z -.747 Total 26   Z -1.780
Asymp. Sig. (2-tailed) .455 Asymp. Sig. (2-tailed) .075
Exact Sig. [2*(1-tailed Sig.)] .511a Exact Sig. [2*(1-tailed Sig.)] .113a
0 13 16.00 208.00 Mann-Whitney U 52.000
9 13 11.00 143.00 Wilcoxon W 143.000
Total 26   Z -1.946
Asymp. Sig. (2-tailed) .052
 Exact Sig. [2*(1-tailed Sig.)] .101a
a. Not corrected for ties.
b. Grouping Variable: Group
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Table D. 23 Mann Whitney U for stickiness between participants of group D
Ranks Test  Statisticsb Ranks Test  Statisticsb
Group N Mean Rank Sum of Ranks  StickinessforGD Group N Mean Rank Sum of Ranks  StickinessforGD
1 13 9.54 124.00 Mann-Whitney U 33.000 3 13 17.50 227.50 Mann-Whitney U 32.500
2 13 17.46 227.00 Wilcoxon W 124.000 9 13 9.50 123.50 Wilcoxon W 123.500
Total 26   Z -2.845 Total 26   Z -3.162
Asymp. Sig. (2-tailed) .004 Asymp. Sig. (2-tailed) .002
Exact Sig. [2*(1-tailed Sig.)] .007a Exact Sig. [2*(1-tailed Sig.)] .006a
1 13 13.69 178.00 Mann-Whitney U 82.000 0 13 15.00 195.00 Mann-Whitney U 65.000
3 13 13.31 173.00 Wilcoxon W 173.000 3 13 12.00 156.00 Wilcoxon W 156.000
Total 26   Z -.146 Total 26   Z -1.464
Asymp. Sig. (2-tailed) .884 Asymp. Sig. (2-tailed) .143
Exact Sig. [2*(1-tailed Sig.)] .920a Exact Sig. [2*(1-tailed Sig.)] .336a
1 13 12.42 161.50 Mann-Whitney U 70.500 4 13 14.50 188.50 Mann-Whitney U 71.500
4 13 14.58 189.50 Wilcoxon W 161.500 5 13 12.50 162.50 Wilcoxon W 162.500
Total 26   Z -.886 Total 26   Z -1.066
Asymp. Sig. (2-tailed) .376 Asymp. Sig. (2-tailed) .286
Exact Sig. [2*(1-tailed Sig.)] .479a Exact Sig. [2*(1-tailed Sig.)] .511a
1 13 13.27 172.50 Mann-Whitney U 81.500 4 13 9.85 128.00 Mann-Whitney U 37.000
5 13 13.73 178.50 Wilcoxon W 172.500 6 13 17.15 223.00 Wilcoxon W 128.000
Total 26   Z -.179 Total 26   Z -2.674
Asymp. Sig. (2-tailed) .858 Asymp. Sig. (2-tailed) .007
Exact Sig. [2*(1-tailed Sig.)] .880a Exact Sig. [2*(1-tailed Sig.)] .014a
1 13 9.62 125.00 Mann-Whitney U 34.000 4 13 19.38 252.00 Mann-Whitney U 8.000
6 13 17.38 226.00 Wilcoxon W 125.000 7 13 7.62 99.00 Wilcoxon W 99.000
Total 26   Z -2.681 Total 26   Z -4.317
Asymp. Sig. (2-tailed) .007 Asymp. Sig. (2-tailed) .000
Exact Sig. [2*(1-tailed Sig.)] .009a Exact Sig. [2*(1-tailed Sig.)] .000a
1 13 16.92 220.00 Mann-Whitney U 40.000 4 13 14.58 189.50 Mann-Whitney U 70.500
7 13 10.08 131.00 Wilcoxon W 131.000 8 13 12.42 161.50 Wilcoxon W 161.500
Total 26   Z -2.560 Total 26   Z -.886
Asymp. Sig. (2-tailed) .010 Asymp. Sig. (2-tailed) .376
Exact Sig. [2*(1-tailed Sig.)] .022a Exact Sig. [2*(1-tailed Sig.)] .479a
1 13 13.65 177.50 Mann-Whitney U 82.500 4 13 19.00 247.00 Mann-Whitney U 13.000
8 13 13.35 173.50 Wilcoxon W 173.500 9 13 8.00 104.00 Wilcoxon W 104.000
Total 26   Z -.112 Total 26   Z -4.231
Asymp. Sig. (2-tailed) .911 Asymp. Sig. (2-tailed) .000
Exact Sig. [2*(1-tailed Sig.)] .920a Exact Sig. [2*(1-tailed Sig.)] .000a
1 13 17.08 222.00 Mann-Whitney U 38.000 5 13 9.54 124.00 Mann-Whitney U 33.000
9 13 9.92 129.00 Wilcoxon W 129.000 6 13 17.46 227.00 Wilcoxon W 124.000
Total 26   Z -2.847 Total 26   Z -2.812
Asymp. Sig. (2-tailed) .004 Asymp. Sig. (2-tailed) .005
Exact Sig. [2*(1-tailed Sig.)] .016a Exact Sig. [2*(1-tailed Sig.)] .007a
0 13 14.58 189.50 Mann-Whitney U 70.500 5 13 18.15 236.00 Mann-Whitney U 24.000
1 13 12.42 161.50 Wilcoxon W 161.500 7 13 8.85 115.00 Wilcoxon W 115.000
Total 26   Z -.886 Total 26   Z -3.431
Asymp. Sig. (2-tailed) .376 Asymp. Sig. (2-tailed) .001
Exact Sig. [2*(1-tailed Sig.)] .479a Exact Sig. [2*(1-tailed Sig.)] .001a
2 13 18.27 237.50 Mann-Whitney U 22.500 5 13 13.73 178.50 Mann-Whitney U 81.500
3 13 8.73 113.50 Wilcoxon W 113.500 8 13 13.27 172.50 Wilcoxon W 172.500
Total 26   Z -3.528 Total 26   Z -.179
Asymp. Sig. (2-tailed) .000 Asymp. Sig. (2-tailed) .858
Exact Sig. [2*(1-tailed Sig.)] .001a Exact Sig. [2*(1-tailed Sig.)] .880a
2 13 17.69 230.00 Mann-Whitney U 30.000 5 13 18.00 234.00 Mann-Whitney U 26.000
4 13 9.31 121.00 Wilcoxon W 121.000 9 13 9.00 117.00 Wilcoxon W 117.000
Total 26   Z -3.359 Total 26   Z -3.503
Asymp. Sig. (2-tailed) .001 Asymp. Sig. (2-tailed) .000
Exact Sig. [2*(1-tailed Sig.)] .004a Exact Sig. [2*(1-tailed Sig.)] .002a
2 13 18.08 235.00 Mann-Whitney U 25.000 0 13 14.50 188.50 Mann-Whitney U 71.500
5 13 8.92 116.00 Wilcoxon W 116.000 5 13 12.50 162.50 Wilcoxon W 162.500
Total 26   Z -3.458 Total 26   Z -1.066
Asymp. Sig. (2-tailed) .001 Asymp. Sig. (2-tailed) .286
Exact Sig. [2*(1-tailed Sig.)] .002a Exact Sig. [2*(1-tailed Sig.)] .511a
2 13 11.54 150.00 Mann-Whitney U 59.000 6 13 18.77 244.00 Mann-Whitney U 16.000
6 13 15.46 201.00 Wilcoxon W 150.000 7 13 8.23 107.00 Wilcoxon W 107.000
Total 26   Z -1.384 Total 26   Z -3.729
Asymp. Sig. (2-tailed) .166 Asymp. Sig. (2-tailed) .000
Exact Sig. [2*(1-tailed Sig.)] .204a Exact Sig. [2*(1-tailed Sig.)] .000a
2 13 20.00 260.00 Mann-Whitney U .000 6 13 17.62 229.00 Mann-Whitney U 31.000
7 13 7.00 91.00 Wilcoxon W 91.000 8 13 9.38 122.00 Wilcoxon W 122.000
Total 26   Z -4.551 Total 26   Z -2.832
Asymp. Sig. (2-tailed) .000 Asymp. Sig. (2-tailed) .005
Exact Sig. [2*(1-tailed Sig.)] .000a Exact Sig. [2*(1-tailed Sig.)] .005a
2 13 18.08 235.00 Mann-Whitney U 25.000 6 13 18.85 245.00 Mann-Whitney U 15.000
8 13 8.92 116.00 Wilcoxon W 116.000 9 13 8.15 106.00 Wilcoxon W 106.000
Total 26   Z -3.236 Total 26   Z -3.913
Asymp. Sig. (2-tailed) .001 Asymp. Sig. (2-tailed) .000
Exact Sig. [2*(1-tailed Sig.)] .002a Exact Sig. [2*(1-tailed Sig.)] .000a
2 13 19.81 257.50 Mann-Whitney U 2.500 0 13 9.85 128.00 Mann-Whitney U 37.000
9 13 7.19 93.50 Wilcoxon W 93.500 6 13 17.15 223.00 Wilcoxon W 128.000
Total 26   Z -4.530 Total 26   Z -2.674
Asymp. Sig. (2-tailed) .000 Asymp. Sig. (2-tailed) .007
Exact Sig. [2*(1-tailed Sig.)] .000a Exact Sig. [2*(1-tailed Sig.)] .014a
0 13 9.31 121.00 Mann-Whitney U 30.000 7 13 10.08 131.00 Mann-Whitney U 40.000
2 13 17.69 230.00 Wilcoxon W 121.000 8 13 16.92 220.00 Wilcoxon W 131.000
Total 26   Z -3.359 Total 26   Z -2.560
Asymp. Sig. (2-tailed) .001 Asymp. Sig. (2-tailed) .010
Exact Sig. [2*(1-tailed Sig.)] .004a Exact Sig. [2*(1-tailed Sig.)] .022a
3 13 12.00 156.00 Mann-Whitney U 65.000 7 13 14.38 187.00 Mann-Whitney U 73.000
4 13 15.00 195.00 Wilcoxon W 156.000 9 13 12.62 164.00 Wilcoxon W 164.000
Total 26   Z -1.464 Total 26   Z -.941
Asymp. Sig. (2-tailed) .143 Asymp. Sig. (2-tailed) .347
Exact Sig. [2*(1-tailed Sig.)] .336a Exact Sig. [2*(1-tailed Sig.)] .579a
3 13 13.00 169.00 Mann-Whitney U 78.000 0 13 19.38 252.00 Mann-Whitney U 8.000
5 13 14.00 182.00 Wilcoxon W 169.000 7 13 7.62 99.00 Wilcoxon W 99.000
Total 26   Z -.434 Total 26   Z -4.317
Asymp. Sig. (2-tailed) .665 Asymp. Sig. (2-tailed) .000
Exact Sig. [2*(1-tailed Sig.)] .762a Exact Sig. [2*(1-tailed Sig.)] .000a
3 13 9.38 122.00 Mann-Whitney U 31.000 8 13 17.08 222.00 Mann-Whitney U 38.000
6 13 17.62 229.00 Wilcoxon W 122.000 9 13 9.92 129.00 Wilcoxon W 129.000
Total 26   Z -2.893 Total 26   Z -2.847
Asymp. Sig. (2-tailed) .004 Asymp. Sig. (2-tailed) .004
Exact Sig. [2*(1-tailed Sig.)] .005a Exact Sig. [2*(1-tailed Sig.)] .016a
3 13 17.54 228.00 Mann-Whitney U 32.000 0 13 14.58 189.50 Mann-Whitney U 70.500
7 13 9.46 123.00 Wilcoxon W 123.000 8 13 12.42 161.50 Wilcoxon W 161.500
Total 26   Z -3.006 Total 26   Z -.886
Asymp. Sig. (2-tailed) .003 Asymp. Sig. (2-tailed) .376
Exact Sig. [2*(1-tailed Sig.)] .006a Exact Sig. [2*(1-tailed Sig.)] .479a
3 13 13.31 173.00 Mann-Whitney U 82.000 0 13 19.00 247.00 Mann-Whitney U 13.000
8 13 13.69 178.00 Wilcoxon W 173.000 9 13 8.00 104.00 Wilcoxon W 104.000
Total 26   Z -.146 Total 26   Z -4.231
Asymp. Sig. (2-tailed) .884 Asymp. Sig. (2-tailed) .000
Exact Sig. [2*(1-tailed Sig.)] .920a Exact Sig. [2*(1-tailed Sig.)] .000a
0 13 13.5 175.5 Mann-Whitney U 84.5
4 13 13.5 175.5 Wilcoxon W 175.5
Total 26   Z 0
Asymp. Sig. (2-tailed) 1
Exact Sig. [2*(1-tailed Sig.)] 1.000a
a. Not corrected for ties.
b. Grouping Variable: Group
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Table D. 24 Mann Whitney U test for preference between participants of group D
Ranks Test Statisticsb Ranks Test Statisticsb
Group N Mean Rank Sum of Ranks  PreferenceforGD Group N Mean Rank Sum of Ranks  PreferenceforGD
1 13 15.50 201.50 Mann-Whitney U 58.500 3 13 18.38 239.00 Mann-Whitney U 21.000
2 13 11.50 149.50 Wilcoxon W 149.500 9 13 8.62 112.00 Wilcoxon W 112.000
Total 26   Z -1.667 Total 26   Z -3.413
Asymp. Sig. (2-tailed) .096 Asymp. Sig. (2-tailed) .001
Exact Sig. [2*(1-tailed Sig.)] .186a Exact Sig. [2*(1-tailed Sig.)] .001a
1 13 10.04 130.50 Mann-Whitney U 39.500 0 13 7.50 97.50 Mann-Whitney U 6.500
3 13 16.96 220.50 Wilcoxon W 130.500 3 13 19.50 253.50 Wilcoxon W 97.500
Total 26   Z -2.645 Total 26   Z -4.383
Asymp. Sig. (2-tailed) .008 Asymp. Sig. (2-tailed) .000
Exact Sig. [2*(1-tailed Sig.)] .019a Exact Sig. [2*(1-tailed Sig.)] .000a
1 13 17.00 221.00 Mann-Whitney U 39.000 4 13 18.12 235.50 Mann-Whitney U 24.500
4 13 10.00 130.00 Wilcoxon W 130.000 6 13 8.88 115.50 Wilcoxon W 115.500
Total 26   Z -2.725 Total 26   Z -3.329
Asymp. Sig. (2-tailed) .006 Asymp. Sig. (2-tailed) .001
Exact Sig. [2*(1-tailed Sig.)] .019a Exact Sig. [2*(1-tailed Sig.)] .001a
1 13 17.00 221.00 Mann-Whitney U 39.000 4 13 10.23 133.00 Mann-Whitney U 42.000
5 13 10.00 130.00 Wilcoxon W 130.000 7 13 16.77 218.00 Wilcoxon W 133.000
Total 26   Z -2.725 Total 26   Z -2.311
Asymp. Sig. (2-tailed) .006 Asymp. Sig. (2-tailed) .021
Exact Sig. [2*(1-tailed Sig.)] .019a Exact Sig. [2*(1-tailed Sig.)] .029a
1 13 19.19 249.50 Mann-Whitney U 10.500 4 13 17.62 229.00 Mann-Whitney U 31.000
6 13 7.81 101.50 Wilcoxon W 101.500 8 13 9.38 122.00 Wilcoxon W 122.000
Total 26   Z -4.106 Total 26   Z -2.880
Asymp. Sig. (2-tailed) .000 Asymp. Sig. (2-tailed) .004
Exact Sig. [2*(1-tailed Sig.)] .000a Exact Sig. [2*(1-tailed Sig.)] .005a
1 13 15.88 206.50 Mann-Whitney U 53.500 4 13 13.35 173.50 Mann-Whitney U 82.500
7 13 11.12 144.50 Wilcoxon W 144.500 9 13 13.65 177.50 Wilcoxon W 173.500
Total 26   Z -1.850 Total 26   Z -.120
Asymp. Sig. (2-tailed) .064 Asymp. Sig. (2-tailed) .904
Exact Sig. [2*(1-tailed Sig.)] .113a Exact Sig. [2*(1-tailed Sig.)] .920a
1 13 18.69 243.00 Mann-Whitney U 17.000 0 13 11.50 149.50 Mann-Whitney U 58.500
8 13 8.31 108.00 Wilcoxon W 108.000 4 13 15.50 201.50 Wilcoxon W 149.500
Total 26   Z -3.718 Total 26   Z -2.132
Asymp. Sig. (2-tailed) .000 Asymp. Sig. (2-tailed) .033
Exact Sig. [2*(1-tailed Sig.)] .000a Exact Sig. [2*(1-tailed Sig.)] .186a
1 13 16.58 215.50 Mann-Whitney U 44.500 5 13 18.12 235.50 Mann-Whitney U 24.500
9 13 10.42 135.50 Wilcoxon W 135.500 6 13 8.88 115.50 Wilcoxon W 115.500
Total 26   Z -2.407 Total 26   Z -3.329
Asymp. Sig. (2-tailed) .016 Asymp. Sig. (2-tailed) .001
Exact Sig. [2*(1-tailed Sig.)] .039a Exact Sig. [2*(1-tailed Sig.)] .001a
0 13 8.00 104.00 Mann-Whitney U 13.000 5 13 10.23 133.00 Mann-Whitney U 42.000
1 13 19.00 247.00 Wilcoxon W 104.000 7 13 16.77 218.00 Wilcoxon W 133.000
Total 26   Z -4.282 Total 26   Z -2.311
Asymp. Sig. (2-tailed) .000 Asymp. Sig. (2-tailed) .021
Exact Sig. [2*(1-tailed Sig.)] .000a Exact Sig. [2*(1-tailed Sig.)] .029a
2 13 9.12 118.50 Mann-Whitney U 27.500 5 13 17.62 229.00 Mann-Whitney U 31.000
3 13 17.88 232.50 Wilcoxon W 118.500 8 13 9.38 122.00 Wilcoxon W 122.000
Total 26   Z -3.119 Total 26   Z -2.880
Asymp. Sig. (2-tailed) .002 Asymp. Sig. (2-tailed) .004
Exact Sig. [2*(1-tailed Sig.)] .002a Exact Sig. [2*(1-tailed Sig.)] .005a
2 13 15.00 195.00 Mann-Whitney U 65.000 5 13 13.35 173.50 Mann-Whitney U 82.500
4 13 12.00 156.00 Wilcoxon W 156.000 9 13 13.65 177.50 Wilcoxon W 173.500
Total 26   Z -1.168 Total 26   Z -.120
Asymp. Sig. (2-tailed) .243 Asymp. Sig. (2-tailed) .904
Exact Sig. [2*(1-tailed Sig.)] .336a Exact Sig. [2*(1-tailed Sig.)] .920a
2 13 15.00 195.00 Mann-Whitney U 65.000 0 13 11.50 149.50 Mann-Whitney U 58.500
5 13 12.00 156.00 Wilcoxon W 156.000 5 13 15.50 201.50 Wilcoxon W 149.500
Total 26   Z -1.168 Total 26   Z -2.132
Asymp. Sig. (2-tailed) .243 Asymp. Sig. (2-tailed) .033
Exact Sig. [2*(1-tailed Sig.)] .336a Exact Sig. [2*(1-tailed Sig.)] .186a
2 13 18.58 241.50 Mann-Whitney U 18.500 6 13 7.81 101.50 Mann-Whitney U 10.500
6 13 8.42 109.50 Wilcoxon W 109.500 7 13 19.19 249.50 Wilcoxon W 101.500
Total 26   Z -3.589 Total 26   Z -3.963
Asymp. Sig. (2-tailed) .000 Asymp. Sig. (2-tailed) .000
Exact Sig. [2*(1-tailed Sig.)] .000a Exact Sig. [2*(1-tailed Sig.)] .000a
2 13 12.65 164.50 Mann-Whitney U 73.500 6 13 10.92 142.00 Mann-Whitney U 51.000
7 13 14.35 186.50 Wilcoxon W 164.500 8 13 16.08 209.00 Wilcoxon W 142.000
Total 26   Z -.608 Total 26   Z -1.799
Asymp. Sig. (2-tailed) .543 Asymp. Sig. (2-tailed) .072
Exact Sig. [2*(1-tailed Sig.)] .579a Exact Sig. [2*(1-tailed Sig.)] .091a
2 13 18.08 235.00 Mann-Whitney U 25.000 6 13 9.19 119.50 Mann-Whitney U 28.500
8 13 8.92 116.00 Wilcoxon W 116.000 9 13 17.81 231.50 Wilcoxon W 119.500
Total 26   Z -3.172 Total 26   Z -3.070
Asymp. Sig. (2-tailed) .002 Asymp. Sig. (2-tailed) .002
Exact Sig. [2*(1-tailed Sig.)] .002a Exact Sig. [2*(1-tailed Sig.)] .003a
2 13 14.73 191.50 Mann-Whitney U 68.500 0 13 17.50 227.50 Mann-Whitney U 32.500
9 13 12.27 159.50 Wilcoxon W 159.500 6 13 9.50 123.50 Wilcoxon W 123.500
Total 26   Z -.930 Total 26   Z -3.129
Asymp. Sig. (2-tailed) .352 Asymp. Sig. (2-tailed) .002
Exact Sig. [2*(1-tailed Sig.)] .418a Exact Sig. [2*(1-tailed Sig.)] .006a
0 13 10.00 130.00 Mann-Whitney U 39.000 7 13 18.38 239.00 Mann-Whitney U 21.000
2 13 17.00 221.00 Wilcoxon W 130.000 8 13 8.62 112.00 Wilcoxon W 112.000
Total 26   Z -3.035 Total 26   Z -3.347
Asymp. Sig. (2-tailed) .002 Asymp. Sig. (2-tailed) .001
Exact Sig. [2*(1-tailed Sig.)] .019a Exact Sig. [2*(1-tailed Sig.)] .001a
3 13 18.58 241.50 Mann-Whitney U 18.500 7 13 15.96 207.50 Mann-Whitney U 52.500
4 13 8.42 109.50 Wilcoxon W 109.500 9 13 11.04 143.50 Wilcoxon W 143.500
Total 26   Z -3.572 Total 26   Z -1.734
Asymp. Sig. (2-tailed) .000 Asymp. Sig. (2-tailed) .083
Exact Sig. [2*(1-tailed Sig.)] .000a Exact Sig. [2*(1-tailed Sig.)] .101a
3 13 18.58 241.50 Mann-Whitney U 18.500 0 13 7.00 91.00 Mann-Whitney U .000
5 13 8.42 109.50 Wilcoxon W 109.500 7 13 20.00 260.00 Wilcoxon W 91.000
Total 26   Z -3.572 Total 26   Z -4.728
Asymp. Sig. (2-tailed) .000 Asymp. Sig. (2-tailed) .000
Exact Sig. [2*(1-tailed Sig.)] .000a Exact Sig. [2*(1-tailed Sig.)] .000a
3 13 19.62 255.00 Mann-Whitney U 5.000 8 13 9.92 129.00 Mann-Whitney U 38.000
6 13 7.38 96.00 Wilcoxon W 96.000 9 13 17.08 222.00 Wilcoxon W 129.000
Total 26   Z -4.208 Total 26   Z -2.468
Asymp. Sig. (2-tailed) .000 Asymp. Sig. (2-tailed) .014
Exact Sig. [2*(1-tailed Sig.)] .000a Exact Sig. [2*(1-tailed Sig.)] .016a
3 13 18.04 234.50 Mann-Whitney U 25.500 0 13 17.00 221.00 Mann-Whitney U 39.000
7 13 8.96 116.50 Wilcoxon W 116.500 8 13 10.00 130.00 Wilcoxon W 130.000
Total 26   Z -3.172 Total 26   Z -2.604
Asymp. Sig. (2-tailed) .002 Asymp. Sig. (2-tailed) .009
Exact Sig. [2*(1-tailed Sig.)] .002a Exact Sig. [2*(1-tailed Sig.)] .019a
3 13 19.38 252.00 Mann-Whitney U 8.000 0 13 11.50 149.50 Mann-Whitney U 58.500
8 13 7.62 99.00 Wilcoxon W 99.000 9 13 15.50 201.50 Wilcoxon W 149.500
Total 26   Z -3.984 Total 26   Z -1.817
Asymp. Sig. (2-tailed) .000 Asymp. Sig. (2-tailed) .069
Exact Sig. [2*(1-tailed Sig.)] .000a Exact Sig. [2*(1-tailed Sig.)] .186a
      4 13 13.5 175.5 Mann-Whitney U 84.5
      5 13 13.5 175.5 Wilcoxon W 175.5
      Total 26   Z 0
  Asymp. Sig. (2-tailed) 1
  Exact Sig. [2*(1-tailed Sig.)] 1
a. Not corrected for ties.
b. Grouping Variable: Group
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Table D. 25 Mann-Whitney U test for pleasantness between participants of group D
Ranks Test Statisticsb Ranks Test Statisticsb
Group N Mean Rank Sum of Ranks  PleasantnessforGD Group N Mean Rank Sum of Ranks  PleasantnessforGD
1 13 20.00 260.00 Mann-Whitney U .000 3 13 17.04 221.50 Mann-Whitney U 38.500
2 13 7.00 91.00 Wilcoxon W 91.000 9 13 9.96 129.50 Wilcoxon W 129.500
Total 26   Z -4.655 Total 26   Z -2.894
Asymp. Sig. (2-tailed) .000 Asymp. Sig. (2-tailed) .004
Exact Sig. [2*(1-tailed Sig.)] .000a Exact Sig. [2*(1-tailed Sig.)] .016a
1 13 17.31 225.00 Mann-Whitney U 35.000 0 13 7.27 94.50 Mann-Whitney U 3.500
3 13 9.69 126.00 Wilcoxon W 126.000 3 13 19.73 256.50 Wilcoxon W 94.500
Total 26   Z -2.806 Total 26   Z -4.454
Asymp. Sig. (2-tailed) .005 Asymp. Sig. (2-tailed) .000
Exact Sig. [2*(1-tailed Sig.)] .010a Exact Sig. [2*(1-tailed Sig.)] .000a
1 13 11.62 151.00 Mann-Whitney U 60.000 4 13 20.00 260.00 Mann-Whitney U .000
4 13 15.38 200.00 Wilcoxon W 151.000 5 13 7.00 91.00 Wilcoxon W 91.000
Total 26   Z -2.004 Total 26   Z -4.601
Asymp. Sig. (2-tailed) .045 Asymp. Sig. (2-tailed) .000
Exact Sig. [2*(1-tailed Sig.)] .223a Exact Sig. [2*(1-tailed Sig.)] .000a
1 13 19.65 255.50 Mann-Whitney U 4.500 4 13 20.00 260.00 Mann-Whitney U .000
5 13 7.35 95.50 Wilcoxon W 95.500 6 13 7.00 91.00 Wilcoxon W 91.000
Total 26   Z -4.282 Total 26   Z -4.646
Asymp. Sig. (2-tailed) .000 Asymp. Sig. (2-tailed) .000
Exact Sig. [2*(1-tailed Sig.)] .000a Exact Sig. [2*(1-tailed Sig.)] .000a
1 13 20.00 260.00 Mann-Whitney U .000 4 13 20.00 260.00 Mann-Whitney U .000
6 13 7.00 91.00 Wilcoxon W 91.000 7 13 7.00 91.00 Wilcoxon W 91.000
Total 26   Z -4.542 Total 26   Z -4.646
Asymp. Sig. (2-tailed) .000 Asymp. Sig. (2-tailed) .000
Exact Sig. [2*(1-tailed Sig.)] .000a Exact Sig. [2*(1-tailed Sig.)] .000a
1 13 19.88 258.50 Mann-Whitney U 1.500 4 13 20.00 260.00 Mann-Whitney U .000
7 13 7.12 92.50 Wilcoxon W 92.500 8 13 7.00 91.00 Wilcoxon W 91.000
Total 26   Z -4.467 Total 26   Z -4.598
Asymp. Sig. (2-tailed) .000 Asymp. Sig. (2-tailed) .000
Exact Sig. [2*(1-tailed Sig.)] .000a Exact Sig. [2*(1-tailed Sig.)] .000a
1 13 19.77 257.00 Mann-Whitney U 3.000 4 13 20.00 260.00 Mann-Whitney U .000
8 13 7.23 94.00 Wilcoxon W 94.000 9 13 7.00 91.00 Wilcoxon W 91.000
Total 26   Z -4.350 Total 26   Z -4.766
Asymp. Sig. (2-tailed) .000 Asymp. Sig. (2-tailed) .000
Exact Sig. [2*(1-tailed Sig.)] .000a Exact Sig. [2*(1-tailed Sig.)] .000a
1 13 20.00 260.00 Mann-Whitney U .000 0 13 7.00 91.00 Mann-Whitney U .000
9 13 7.00 91.00 Wilcoxon W 91.000 4 13 20.00 260.00 Wilcoxon W 91.000
Total 26   Z -4.655 Total 26   Z -4.831
Asymp. Sig. (2-tailed) .000 Asymp. Sig. (2-tailed) .000
Exact Sig. [2*(1-tailed Sig.)] .000a Exact Sig. [2*(1-tailed Sig.)] .000a
0 13 7.00 91.00 Mann-Whitney U .000 5 13 18.65 242.50 Mann-Whitney U 17.500
1 13 20.00 260.00 Wilcoxon W 91.000 6 13 8.35 108.50 Wilcoxon W 108.500
Total 26   Z -4.716 Total 26   Z -3.588
Asymp. Sig. (2-tailed) .000 Asymp. Sig. (2-tailed) .000
Exact Sig. [2*(1-tailed Sig.)] .000a Exact Sig. [2*(1-tailed Sig.)] .000a
2 13 7.54 98.00 Mann-Whitney U 7.000 5 13 13.73 178.50 Mann-Whitney U 81.500
3 13 19.46 253.00 Wilcoxon W 98.000 7 13 13.27 172.50 Wilcoxon W 172.500
Total 26   Z -4.237 Total 26   Z -.160
Asymp. Sig. (2-tailed) .000 Asymp. Sig. (2-tailed) .873
Exact Sig. [2*(1-tailed Sig.)] .000a Exact Sig. [2*(1-tailed Sig.)] .880a
2 13 7.00 91.00 Mann-Whitney U .000 5 13 14.58 189.50 Mann-Whitney U 70.500
4 13 20.00 260.00 Wilcoxon W 91.000 8 13 12.42 161.50 Wilcoxon W 161.500
Total 26   Z -4.766 Total 26   Z -.761
Asymp. Sig. (2-tailed) .000 Asymp. Sig. (2-tailed) .446
Exact Sig. [2*(1-tailed Sig.)] .000a Exact Sig. [2*(1-tailed Sig.)] .479a
2 13 10.27 133.50 Mann-Whitney U 42.500 5 13 13.27 172.50 Mann-Whitney U 81.500
5 13 16.73 217.50 Wilcoxon W 133.500 9 13 13.73 178.50 Wilcoxon W 172.500
Total 26   Z -2.492 Total 26   Z -.178
Asymp. Sig. (2-tailed) .013 Asymp. Sig. (2-tailed) .859
Exact Sig. [2*(1-tailed Sig.)] .029a Exact Sig. [2*(1-tailed Sig.)] .880a
2 13 17.38 226.00 Mann-Whitney U 34.000 0 13 9.88 128.50 Mann-Whitney U 37.500
6 13 9.62 125.00 Wilcoxon W 125.000 5 13 17.12 222.50 Wilcoxon W 128.500
Total 26   Z -2.935 Total 26   Z -2.865
Asymp. Sig. (2-tailed) .003 Asymp. Sig. (2-tailed) .004
Exact Sig. [2*(1-tailed Sig.)] .009a Exact Sig. [2*(1-tailed Sig.)] .014a
2 13 8.54 111.00 Mann-Whitney U 20.000 6 13 7.77 101.00 Mann-Whitney U 10.000
7 13 18.46 240.00 Wilcoxon W 111.000 7 13 19.23 250.00 Wilcoxon W 101.000
Total 26   Z -3.518 Total 26   Z -3.957
Asymp. Sig. (2-tailed) .000 Asymp. Sig. (2-tailed) .000
Exact Sig. [2*(1-tailed Sig.)] .000a Exact Sig. [2*(1-tailed Sig.)] .000a
2 13 11.00 143.00 Mann-Whitney U 52.000 6 13 8.65 112.50 Mann-Whitney U 21.500
8 13 16.00 208.00 Wilcoxon W 143.000 8 13 18.35 238.50 Wilcoxon W 112.500
Total 26   Z -1.973 Total 26   Z -3.385
Asymp. Sig. (2-tailed) .048 Asymp. Sig. (2-tailed) .001
Exact Sig. [2*(1-tailed Sig.)] .101a Exact Sig. [2*(1-tailed Sig.)] .001a
2 13 9.00 117.00 Mann-Whitney U 26.000 6 13 7.88 102.50 Mann-Whitney U 11.500
9 13 18.00 234.00 Wilcoxon W 117.000 9 13 19.12 248.50 Wilcoxon W 102.500
Total 26   Z -3.462 Total 26   Z -4.033
Asymp. Sig. (2-tailed) .001 Asymp. Sig. (2-tailed) .000
Exact Sig. [2*(1-tailed Sig.)] .002a Exact Sig. [2*(1-tailed Sig.)] .000a
0 13 13.00 169.00 Mann-Whitney U 78.000 0 13 17.19 223.50 Mann-Whitney U 36.500
2 13 14.00 182.00 Wilcoxon W 169.000 6 13 9.81 127.50 Wilcoxon W 127.500
Total 26   Z -.602 Total 26   Z -2.864
Asymp. Sig. (2-tailed) .547 Asymp. Sig. (2-tailed) .004
Exact Sig. [2*(1-tailed Sig.)] .762a Exact Sig. [2*(1-tailed Sig.)] .012a
3 13 8.85 115.00 Mann-Whitney U 24.000 7 13 15.15 197.00 Mann-Whitney U 63.000
4 13 18.15 236.00 Wilcoxon W 115.000 8 13 11.85 154.00 Wilcoxon W 154.000
Total 26   Z -3.587 Total 26   Z -1.155
Asymp. Sig. (2-tailed) .000 Asymp. Sig. (2-tailed) .248
Exact Sig. [2*(1-tailed Sig.)] .001a Exact Sig. [2*(1-tailed Sig.)] .287a
3 13 16.81 218.50 Mann-Whitney U 41.500 7 13 11.54 150.00 Mann-Whitney U 59.000
5 13 10.19 132.50 Wilcoxon W 132.500 9 13 15.46 201.00 Wilcoxon W 150.000
Total 26   Z -2.344 Total 26   Z -1.481
Asymp. Sig. (2-tailed) .019 Asymp. Sig. (2-tailed) .139
Exact Sig. [2*(1-tailed Sig.)] .026a Exact Sig. [2*(1-tailed Sig.)] .204a
3 13 19.73 256.50 Mann-Whitney U 3.500 0 13 7.77 101.00 Mann-Whitney U 10.000
6 13 7.27 94.50 Wilcoxon W 94.500 7 13 19.23 250.00 Wilcoxon W 101.000
Total 26   Z -4.295 Total 26   Z -4.104
Asymp. Sig. (2-tailed) .000 Asymp. Sig. (2-tailed) .000
Exact Sig. [2*(1-tailed Sig.)] .000a Exact Sig. [2*(1-tailed Sig.)] .000a
3 13 18.31 238.00 Mann-Whitney U 22.000 8 13 11.50 149.50 Mann-Whitney U 58.500
7 13 8.69 113.00 Wilcoxon W 113.000 9 13 15.50 201.50 Wilcoxon W 149.500
Total 26   Z -3.395 Total 26   Z -1.477
Asymp. Sig. (2-tailed) .001 Asymp. Sig. (2-tailed) .140
Exact Sig. [2*(1-tailed Sig.)] .001a Exact Sig. [2*(1-tailed Sig.)] .186a
3 13 17.96 233.50 Mann-Whitney U 26.500 0 13 10.50 136.50 Mann-Whitney U 45.500
8 13 9.04 117.50 Wilcoxon W 117.500 8 13 16.50 214.50 Wilcoxon W 136.500
Total 26   Z -3.094 Total 26   Z -2.453
Asymp. Sig. (2-tailed) .002 Asymp. Sig. (2-tailed) .014
Exact Sig. [2*(1-tailed Sig.)] .002a Exact Sig. [2*(1-tailed Sig.)] .044a
0 13 8.50 110.50 Mann-Whitney U 19.500
9 13 18.50 240.50 Wilcoxon W 110.500
Total 26   Z -3.858
Asymp. Sig. (2-tailed) .000
Exact Sig. [2*(1-tailed Sig.)] .000a
a. Not corrected for ties.
b. Grouping Variable: Group
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Table D. 26 Mann Whitney U test for Borg’s RPE between participants of group D
Ranks Test Statisticsb Ranks Test Statisticsb
Group N Mean Rank Sum of Ranks  BorgsforGD Group N Mean Rank Sum of Ranks  BorgsforGD
1 13 14.50 188.50 Mann-Whitney U 71.500 3 13 18.54 241.00 Mann-Whitney U 19.000
2 13 12.50 162.50 Wilcoxon W 162.500 9 13 8.46 110.00 Wilcoxon W 110.000
Total 26   Z -1.443 Total 26   Z -3.401
Asymp. Sig. (2-tailed) .149 Asymp. Sig. (2-tailed) .001
Exact Sig. [2*(1-tailed Sig.)] .511a Exact Sig. [2*(1-tailed Sig.)] .000a
1 13 8.23 107.00 Mann-Whitney U 16.000 0 13 10.50 136.50 Mann-Whitney U 45.500
3 13 18.77 244.00 Wilcoxon W 107.000 3 13 16.50 214.50 Wilcoxon W 136.500
Total 26   Z -3.775 Total 26   Z -2.188
Asymp. Sig. (2-tailed) .000 Asymp. Sig. (2-tailed) .029
Exact Sig. [2*(1-tailed Sig.)] .000a Exact Sig. [2*(1-tailed Sig.)] .044a
1 13 12.73 165.50 Mann-Whitney U 74.500 4 13 17.19 223.50 Mann-Whitney U 36.500
4 13 14.27 185.50 Wilcoxon W 165.500 5 13 9.81 127.50 Wilcoxon W 127.500
Total 26   Z -.561 Total 26   Z -2.704
Asymp. Sig. (2-tailed) .575 Asymp. Sig. (2-tailed) .007
Exact Sig. [2*(1-tailed Sig.)] .614a Exact Sig. [2*(1-tailed Sig.)] .012a
1 13 18.73 243.50 Mann-Whitney U 16.500 4 13 13.77 179.00 Mann-Whitney U 81.000
5 13 8.27 107.50 Wilcoxon W 107.500 6 13 13.23 172.00 Wilcoxon W 172.000
Total 26   Z -3.929 Total 26   Z -.184
Asymp. Sig. (2-tailed) .000 Asymp. Sig. (2-tailed) .854
Exact Sig. [2*(1-tailed Sig.)] .000a Exact Sig. [2*(1-tailed Sig.)] .880a
1 13 10.85 141.00 Mann-Whitney U 50.000 4 13 11.62 151.00 Mann-Whitney U 60.000
6 13 16.15 210.00 Wilcoxon W 141.000 7 13 15.38 200.00 Wilcoxon W 151.000
Total 26   Z -2.019 Total 26   Z -1.278
Asymp. Sig. (2-tailed) .043 Asymp. Sig. (2-tailed) .201
Exact Sig. [2*(1-tailed Sig.)] .081a Exact Sig. [2*(1-tailed Sig.)] .223a
1 13 7.31 95.00 Mann-Whitney U 4.000 4 13 8.85 115.00 Mann-Whitney U 24.000
7 13 19.69 256.00 Wilcoxon W 95.000 8 13 18.15 236.00 Wilcoxon W 115.000
Total 26   Z -4.333 Total 26   Z -3.154
Asymp. Sig. (2-tailed) .000 Asymp. Sig. (2-tailed) .002
Exact Sig. [2*(1-tailed Sig.)] .000a Exact Sig. [2*(1-tailed Sig.)] .001a
1 13 7.08 92.00 Mann-Whitney U 1.000 4 13 14.96 194.50 Mann-Whitney U 65.500
8 13 19.92 259.00 Wilcoxon W 92.000 9 13 12.04 156.50 Wilcoxon W 156.500
Total 26   Z -4.487 Total 26   Z -1.005
Asymp. Sig. (2-tailed) .000 Asymp. Sig. (2-tailed) .315
Exact Sig. [2*(1-tailed Sig.)] .000a Exact Sig. [2*(1-tailed Sig.)] .336a
1 13 13.88 180.50 Mann-Whitney U 79.500 0 13 15.00 195.00 Mann-Whitney U 65.000
9 13 13.12 170.50 Wilcoxon W 170.500 4 13 12.00 156.00 Wilcoxon W 156.000
Total 26   Z -.281 Total 26   Z -1.118
Asymp. Sig. (2-tailed) .779 Asymp. Sig. (2-tailed) .264
Exact Sig. [2*(1-tailed Sig.)] .801a Exact Sig. [2*(1-tailed Sig.)] .336a
0 13 20.00 260.00 Mann-Whitney U .000 5 13 8.08 105.00 Mann-Whitney U 14.000
1 13 7.00 91.00 Wilcoxon W 91.000 6 13 18.92 246.00 Wilcoxon W 105.000
Total 26   Z -4.845 Total 26   Z -3.840
Asymp. Sig. (2-tailed) .000 Asymp. Sig. (2-tailed) .000
Exact Sig. [2*(1-tailed Sig.)] .000a Exact Sig. [2*(1-tailed Sig.)] .000a
2 13 8.00 104.00 Mann-Whitney U 13.000 5 13 7.00 91.00 Mann-Whitney U .000
3 13 19.00 247.00 Wilcoxon W 104.000 7 13 20.00 260.00 Wilcoxon W 91.000
Total 26   Z -4.099 Total 26   Z -4.485
Asymp. Sig. (2-tailed) .000 Asymp. Sig. (2-tailed) .000
Exact Sig. [2*(1-tailed Sig.)] .000a Exact Sig. [2*(1-tailed Sig.)] .000a
2 13 12.50 162.50 Mann-Whitney U 71.500 5 13 7.00 91.00 Mann-Whitney U .000
4 13 14.50 188.50 Wilcoxon W 162.500 8 13 20.00 260.00 Wilcoxon W 91.000
Total 26   Z -.765 Total 26   Z -4.494
Asymp. Sig. (2-tailed) .445 Asymp. Sig. (2-tailed) .000
Exact Sig. [2*(1-tailed Sig.)] .511a Exact Sig. [2*(1-tailed Sig.)] .000a
2 13 18.50 240.50 Mann-Whitney U 19.500 5 13 10.42 135.50 Mann-Whitney U 44.500
5 13 8.50 110.50 Wilcoxon W 110.500 9 13 16.58 215.50 Wilcoxon W 135.500
Total 26   Z -3.953 Total 26   Z -2.299
Asymp. Sig. (2-tailed) .000 Asymp. Sig. (2-tailed) .021
Exact Sig. [2*(1-tailed Sig.)] .000a Exact Sig. [2*(1-tailed Sig.)] .039a
2 13 10.00 130.00 Mann-Whitney U 39.000 0 13 20.00 260.00 Mann-Whitney U .000
6 13 17.00 221.00 Wilcoxon W 130.000 5 13 7.00 91.00 Wilcoxon W 91.000
Total 26   Z -2.785 Total 26   Z -4.792
Asymp. Sig. (2-tailed) .005 Asymp. Sig. (2-tailed) .000
Exact Sig. [2*(1-tailed Sig.)] .019a Exact Sig. [2*(1-tailed Sig.)] .000a
2 13 7.00 91.00 Mann-Whitney U .000 6 13 8.54 111.00 Mann-Whitney U 20.000
7 13 20.00 260.00 Wilcoxon W 91.000 7 13 18.46 240.00 Wilcoxon W 111.000
Total 26   Z -4.654 Total 26   Z -3.462
Asymp. Sig. (2-tailed) .000 Asymp. Sig. (2-tailed) .001
Exact Sig. [2*(1-tailed Sig.)] .000a Exact Sig. [2*(1-tailed Sig.)] .000a
2 13 7.00 91.00 Mann-Whitney U .000 6 13 7.42 96.50 Mann-Whitney U 5.500
8 13 20.00 260.00 Wilcoxon W 91.000 8 13 19.58 254.50 Wilcoxon W 96.500
Total 26   Z -4.665 Total 26   Z -4.147
Asymp. Sig. (2-tailed) .000 Asymp. Sig. (2-tailed) .000
Exact Sig. [2*(1-tailed Sig.)] .000a Exact Sig. [2*(1-tailed Sig.)] .000a
2 13 13.50 175.50 Mann-Whitney U 84.500 6 13 14.88 193.50 Mann-Whitney U 66.500
9 13 13.50 175.50 Wilcoxon W 175.500 9 13 12.12 157.50 Wilcoxon W 157.500
Total 26   Z .000 Total 26   Z -.959
Asymp. Sig. (2-tailed) 1.000 Asymp. Sig. (2-tailed) .338
Exact Sig. [2*(1-tailed Sig.)] 1.000a Exact Sig. [2*(1-tailed Sig.)] .362a
0 13 20.00 260.00 Mann-Whitney U .000 0 13 19.50 253.50 Mann-Whitney U 6.500
2 13 7.00 91.00 Wilcoxon W 91.000 6 13 7.50 97.50 Wilcoxon W 97.500
Total 26   Z -5.000 Total 26   Z -4.412
Asymp. Sig. (2-tailed) .000 Asymp. Sig. (2-tailed) .000
Exact Sig. [2*(1-tailed Sig.)] .000a Exact Sig. [2*(1-tailed Sig.)] .000a
3 13 17.54 228.00 Mann-Whitney U 32.000 7 13 9.35 121.50 Mann-Whitney U 30.500
4 13 9.46 123.00 Wilcoxon W 123.000 8 13 17.65 229.50 Wilcoxon W 121.500
Total 26   Z -2.744 Total 26   Z -2.823
Asymp. Sig. (2-tailed) .006 Asymp. Sig. (2-tailed) .005
Exact Sig. [2*(1-tailed Sig.)] .006a Exact Sig. [2*(1-tailed Sig.)] .004a
3 13 19.77 257.00 Mann-Whitney U 3.000 7 13 18.04 234.50 Mann-Whitney U 25.500
5 13 7.23 94.00 Wilcoxon W 94.000 9 13 8.96 116.50 Wilcoxon W 116.500
Total 26   Z -4.337 Total 26   Z -3.081
Asymp. Sig. (2-tailed) .000 Asymp. Sig. (2-tailed) .002
Exact Sig. [2*(1-tailed Sig.)] .000a Exact Sig. [2*(1-tailed Sig.)] .002a
3 13 18.08 235.00 Mann-Whitney U 25.000 0 13 13.00 169.00 Mann-Whitney U 78.000
6 13 8.92 116.00 Wilcoxon W 116.000 7 13 14.00 182.00 Wilcoxon W 169.000
Total 26   Z -3.129 Total 26   Z -.394
Asymp. Sig. (2-tailed) .002 Asymp. Sig. (2-tailed) .694
Exact Sig. [2*(1-tailed Sig.)] .002a Exact Sig. [2*(1-tailed Sig.)] .762a
3 13 16.38 213.00 Mann-Whitney U 47.000 8 13 19.35 251.50 Mann-Whitney U 8.500
7 13 10.62 138.00 Wilcoxon W 138.000 9 13 7.65 99.50 Wilcoxon W 99.500
Total 26   Z -1.952 Total 26   Z -3.948
Asymp. Sig. (2-tailed) .051 Asymp. Sig. (2-tailed) .000
Exact Sig. [2*(1-tailed Sig.)] .057a Exact Sig. [2*(1-tailed Sig.)] .000a
3 13 12.77 166.00 Mann-Whitney U 75.000 0 13 9.00 117.00 Mann-Whitney U 26.000
8 13 14.23 185.00 Wilcoxon W 166.000 8 13 18.00 234.00 Wilcoxon W 117.000
Total 26   Z -.509 Total 26   Z -3.362
Asymp. Sig. (2-tailed) .611 Asymp. Sig. (2-tailed) .001
Exact Sig. [2*(1-tailed Sig.)] .650a Exact Sig. [2*(1-tailed Sig.)] .002a
0 13 18.00 234.00 Mann-Whitney U 26.000
9 13 9.00 117.00 Wilcoxon W 117.000
Total 26   Z -3.354
Asymp. Sig. (2-tailed) .001
Exact Sig. [2*(1-tailed Sig.)] .002a
a. Not corrected for ties.
b. Grouping Variable: Group
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Table D. 27 Whilcoxon test between AMV and PMV within participants of group D
Ranks
  N Mean Rank Sum of Ranks
PMV159MGD - AMV159MGD Negative Ranks 0a .00 .00
Positive Ranks 13b 7.00 91.00
Ties 0c   
Total 13   
PMV160MGD - AMV160MGD Negative Ranks 0d .00 .00
Positive Ranks 13e 7.00 91.00
Ties 0f   
Total 13   
PMV161MGD - AMV161MGD Negative Ranks 6g 7.83 47.00
Positive Ranks 7h 6.29 44.00
Ties 0i   
Total 13   
PMV162MGD - AMV162MGD Negative Ranks 0j .00 .00
Positive Ranks 13k 7.00 91.00
Ties 0l   
Total 13   
PMV163MGD - AMV163MGD Negative Ranks 0m .00 .00
Positive Ranks 13n 7.00 91.00
Ties 0o   
Total 13   
PMV164MGD - AMV164MGD Negative Ranks 6p 7.50 45.00
Positive Ranks 7q 6.57 46.00
Ties 0r   
Total 13   
PMV165MGD - AMV165MGD Negative Ranks 8s 8.50 68.00
Positive Ranks 5t 4.60 23.00
Ties 0u   
Total 13   
PMV166MGD - AMV166MGD Negative Ranks 7v 9.00 63.00
Positive Ranks 6w 4.67 28.00
Ties 0x   
Total 13   
PMV167MGD - AMV167MGD Negative Ranks 0y .00 .00
Positive Ranks 13z 7.00 91.00
Ties 0aa   
Total 13   
PMV168MGD - AMV168MGD Negative Ranks 0ab .00 .00
Positive Ranks 13ac 7.00 91.00
Ties 0ad   
Total 13   
a. PMV159MGD < AMV159MGD                  b. PMV159MGD > AMV159MGD
c. PMV159MGD = AMV159MGD                  d. PMV160MGD < AMV160MGD
e. PMV160MGD > AMV160MGD                   f. PMV160MGD = AMV160MGD
g. PMV161MGD < AMV161MGD                   h. PMV161MGD > AMV161MGD
i. PMV161MGD = AMV161MGD                    j. PMV162MGD < AMV162MGD
k. PMV162MGD > AMV162MGD                   l. PMV162MGD = AMV162MGD
m. PMV163MGD < AMV163MGD                  n. PMV163MGD > AMV163MGD
o. PMV163MGD = AMV163MGD                   p. PMV164MGD < AMV164MGD
q. PMV164MGD > AMV164MGD                   r. PMV164MGD = AMV164MGD
s. PMV165MGD < AMV165MGD                   t. PMV165MGD > AMV165MGD
u. PMV165MGD = AMV165MGD                   v. PMV166MGD < AMV166MGD
w. PMV166MGD > AMV166MGD                   x. PMV166MGD = AMV166MGD
y. PMV167MGD < AMV167MGD                   z. PMV167MGD > AMV167MGD
aa. PMV167MGD = AMV167MGD                 ab. PMV168MGD < AMV168MGD
ac. PMV168MGD > AMV168MGD                 ad. PMV168MGD = AMV168MGD 
Test Statisticsc
 159MGD 160MGD 161MGD 162MGD 163MGD 164MGD 165MGD 166MGD 167MGD 168MGD
Z -3.180a -3.180a -.105b -3.180a -3.180a -.035a -1.572b -1.223b -3.180a -3.180a
Asymp. Sig. (2-
tailed)
.001 .001 .917 .001 .001 .972 .116 .221 .001 .001
a. Based on negative ranks.
 b. Based on positive ranks.
 c. Wilcoxon Signed Ranks Test
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0.9 D.6 Correlations by time periods
The statistical outcomes in section 10.4.4 were shown in Table D. 28 and Table D. 43.
Table D. 28 Pearson correlation for data after 10mins
 All participants Male Female
  WBGT PMV tch Twc WBGT PMV tch Twc WBGT PMV tch Twc
tau Pearson Correlation .423** .426** .422** .425** .391** .350** .406** .388** .423** .426** .422** .425**
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0 0 0
N 3315 538 538 538 5253 828 778 778 3315 538 538 538
tsk Pearson Correlation .704** .714** .612** .641** .540** .578** .417** .467** .704** .714** .612** .641**
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0 0 0
N 3315 538 538 538 3315 500 500 500 3315 538 538 538
HR Pearson Correlation .216** .229** .221** .224** .180** .114** .100** .101** .216** .229** .221** .224**
Sig. (2-tailed) 0 0 0 0 0 0.001 0.006 0.005 0 0 0 0
N 3269 537 537 537 5151 811 766 766 3269 537 537 537
SL Pearson Correlation .656** .726** .646** .690** .770** .806** .762** .789** .656** .726** .646** .690**
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0 0 0
N 65 65 65 65 103 103 103 103 65 65 65 65
**. Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).
Table D. 29 Peason correlation for data after 20mins
 All participants Male Female
  WBGT PMV tch Twc WBGT PMV tch Twc WBGT PMV tch Twc
tau Pearson Correlation .397** .357** .396** .401** .414** .387** .429** .419** .467** .465** .458** .462**
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0 0 0
N 6888 1126 1086 1086 4223 683 643 643 2665 443 443 443
tsk Pearson Correlation .620** .648** .521** .558** .531** .583** .412** .459** .699** .709** .613** .639**
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0 0 0
N 5330 856 856 856 2665 413 413 413 2665 443 443 443
HR Pearson Correlation .186** .130** .137** .146** .188** .119** .104** .106** .242** .244** .245** .248**
Sig. (2-tailed) 0 0 0 0 0 0 0.01 0.01 0 0 0 0
N 6769 1111 1075 1075 4141 669 633 633 2628 442 442 442
SL Pearson Correlation .717** .767** .701** .735** .770** .806** .762** .789** .656** .726** .646** .690**
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0 0 0
N 168 168 168 168 103 103 103 103 65 65 65 65
**. Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).
Table D. 30 Pearson correlation for data after 30mins
 All participants Male Female
  WBGT PMV tch Twc WBGT PMV tch Twc WBGT PMV tch Twc
tau Pearson Correlation .412** .380** .407** .411** .422** .404** .432** .423** .483** .483** .473** .474**
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0 0 0
N 5208 887 857 857 3193 538 508 508 2015 349 349 349
tsk Pearson Correlation .620** .650** .523** .557** .531** .591** .416** .457** .700** .705** .614** .640**
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0 0 0
N 4030 675 675 675 2015 326 326 326 2015 349 349 349
HR Pearson Correlation .198** .143** .144** .155** .191** .124** .104* .108* .266** .266** .261** .266**
Sig. (2-tailed) 0 0 0 0 0 0 0.02 0.02 0 0 0 0
N 5118 875 848 848 3131 527 500 500 1987 348 348 348
SL Pearson Correlation .717** .767** .701** .735** .770** .806** .762** .789** .656** .726** .646** .690**
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0 0 0
N 168 168 168 168 103 103 103 103 65 65 65 65
**. Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).
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Table D. 31 Pearson correlation for data after 40mins
 All participants Male Female
  WBGT PMV tch Twc WBGT PMV tch Twc WBGT PMV tch Twc
tau Pearson Correlation .424** .401** .424** .425** .423** .415** .436** .425** .511** .504** .501** .502**
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0 0 0
N 3528 647 627 627 2163 393 373 373 1365 254 254 254
tsk Pearson Correlation .623** .661** .535** .567** .532** .602** .415** .460** .707** .719** .639** .658**
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0 0 0
N 2730 493 493 493 1365 239 239 239 1365 254 254 254
HR Pearson Correlation .200** .154** .169** .171** .181** .127* .121* .118* .288** .286** .294** .294**
Sig. (2-tailed) 0 0 0 0 0 0.01 0.02 0.02 0 0 0 0
N 3467 638 620 620 2121 385 367 367 1346 253 253 253
SL Pearson Correlation .717** .767** .701** .735** .770** .806** .762** .789** .656** .726** .646** .690**
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0 0 0
N 168 168 168 168 103 103 103 103 65 65 65 65
**. Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).
Table D. 32 Pearson correlation for data after 50mins
 All participants Male Female
  WBGT PMV tch Twc WBGT PMV tch Twc WBGT PMV tch Twc
tau Pearson Correlation .431** .417** .428** .427** .419** .423** .429** .416** .534** .534** .515** .519**
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0 0 0
N 1848 408 398 398 1133 248 238 238 715 160 160 160
tsk Pearson Correlation .628** .666** .543** .575** .529** .607** .417** .463** .724** .727** .655** .675**
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0 0 0
N 1430 312 312 312 715 152 152 152 715 160 160 160
HR Pearson Correlation .207** .164** .190** .189** .179** .142* .154* .145* .312** .297** .305** .304**
Sig. (2-tailed) 0 0 0 0 0 0.03 0.02 0.03 0 0 0 0
N 1816 402 393 393 1111 243 234 234 705 159 159 159
SL Pearson Correlation .717** .767** .701** .735** .770** .806** .762** .789** .656** .726** .646** .690**
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0 0 0
N 168 168 168 168 103 103 103 103 65 65 65 65
**. Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).
Table D. 33 Pearson correlation for data at 60mins
 All participants Male Female
  
AvgWBGT AvgPMV Avgtch AvgTwc AvgWBGT AvgPMV Avgtch AvgTwc AvgWBGT AvgPMV Avgtch AvgTwc
tau Pearson Correlation
.415** .419** .448** .427** .396** .410** .425** .399** .529** .566** .577** .544**
Sig. (2-tailed)
0 0 0 0 0 0 0 0 0 0 0 0
N
168 168 168 168 103 103 103 103 65 65 65 65
tsk Pearson Correlation
.594** .595** .549** .566** .441** .462** .374** .406** .745** .740** .714** .719**
Sig. (2-tailed)
0 0 0 0 0 0 0.002 0.001 0 0 0 0
N
130 130 130 130 65 65 65 65 65 65 65 65
HR Pearson Correlation
.205** .202** .215** .213** 0.193 .225* .205* .201* .297* .295* .306* .286*
Sig. (2-tailed)
0.008 0.009 0.006 0.006 0.053 0.024 0.04 0.044 0.017 0.018 0.014 0.022
N
165 165 165 165 101 101 101 101 64 64 64 64
SL Pearson Correlation
.751** .835** .732** .748** .793** .860** .783** .799** .696** .804** .683** .702**
Sig. (2-tailed)
0 0 0 0 0 0 0 0 0 0 0 0
N
168 168 168 168 103 103 103 103 65 65 65 65
**. Correlation is significant at the 0.01 level (2-tailed).
 
*. Correlation is significant at the 0.05 level (2-tailed).
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Table D. 34 Pearsons correlation for data over 60mins
 All participants Male Female
  WBGT PMV tch Twc WBGT PMV tch Twc WBGT PMV tch Twc
tau Pearson Correlation .316** .249** .312** .307** .332** .268** .336** .313** .375** .364** .365** .369**
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0 0 0
N 10248 1606 1546 1546 6283 973 913 913 3965 633 633 633
tsk Pearson Correlation .631** .638** .517** .559** .547** .568** .418** .471** .706** .704** .599** .632**
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0 0 0
N 7930 1220 1220 1220 3965 587 587 587 3965 633 633 633
HR Pearson Correlation .158** .106** .115** .120** .169** .101** .097** .094** .191** .200** .187** .186**
Sig. (2-tailed) 0 0 0 0 0 0.002 0.004 0.005 0 0 0 0
N 10071 1585 1531 1531 6161 953 899 899 3910 632 632 632
SL Pearson Correlation .717** .767** .701** .735** .770** .806** .762** .789** .656** .726** .646** .690**
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0 0 0
N 168 168 168 168 103 103 103 103 65 65 65 65
tr Pearson Correlation .721** .804** .484** .605** .730** .813** .486** .617** .711** .802** .486** .587**
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0 0 0
N 10248 1606 1546 1546 6283 973 913 913 3965 633 633 633
SR Pearson Correlation .552** .655** .412** .493** .979** .897** .943** .995** .967** .885** .935** .993**
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0 0 0
N 10248 1606 1546 1546 925 913 913 913 646 633 633 633
ta Pearson Correlation .975** .889** .937** .994** .539** .656** .408** .495** .585** .656** .421** .488**
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0 0 0
N 1559 1546 1546 1546 6283 973 913 913 3965 633 633 633
Ø Pearson Correlation -.330** -.484** -.265** -.365** -.151** -.118** -.467** -.252** -.262** -.296** -.579** -.370**
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0 0 0
N 1546 1546 1546 1546 6283 973 913 913 3965 633 633 633
v Pearson Correlation -.196** -.193** -.517** -.302** -.397** -.542** -.304** -.404** -.257** -.460** -.240** -.328**
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0 0 0
N 10248 1606 1546 1546 913 913 913 913 633 633 633 633
clo Pearson Correlation -.903** -.759** -.873** -.899** -.899** -.749** -.891** -.907** -.912** -.784** -.847** -.887**
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0 0 0
N 10248 1606 1546 1546 6283 973 913 913 3965 633 633 633
**. Correlation is significant at the 0.01 level (2-tailed).
 *. Correlation is significant at the 0.05 level (2-tailed).
 
Table D. 35  Spearman correlation for data after 10mins
 All participants Male Female
   WBGT PMV tch Twc WBGT PMV tch Twc WBGT PMV tch Twc
Spearman's 
rho
Sensation Correlation Coefficient .533** .486** .506** .503** .538** .475** .517** .534** .530** .500** .483** .456**
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0 0 0
N 1673 1365 1315 1315 978 828 778 778 695 537 537 537
Comfort Correlation Coefficient .083** .080** .093** .095** .186** .165** .211** .217** -0.06 -0.054 -0.073 -.087*
Sig. (2-tailed) 0.001 0.003 0.001 0.001 0 0 0 0 0.115 0.213 0.091 0.044
N 1673 1365 1315 1315 978 828 778 778 695 537 537 537
Stickiness Correlation Coefficient .479** .444** .464** .474** .543** .489** .525** .549** .392** .382** .368** .353**
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0 0 0
N 1673 1365 1315 1315 978 828 778 778 695 537 537 537
Preference Correlation Coefficient -.529** -.454** -.486** -.484** -.599** -.516** -.561** -.582** -.430** -.359** -.368** -.334**
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0 0 0
N 1673 1365 1315 1315 978 828 778 778 695 537 537 537
Pleasantness Correlation Coefficient 0.013 0.01 -0.005 0.003 -.109** -.110** -.143** -.146** .178** .185** .183** .216**
Sig. (2-tailed) 0.599 0.705 0.845 0.915 0.001 0.002 0 0 0 0 0 0
N 1672 1364 1314 1314 978 828 778 778 694 536 536 536
Acceptance Correlation Coefficient -.120** -.060* -.067* -.068* -0.039 0.038 0.007 0.022 -.241** -.208** -.177** -.211**
Sig. (2-tailed) 0 0.026 0.015 0.013 0.227 0.279 0.836 0.548 0 0 0 0
N 1673 1365 1315 1315 978 828 778 778 695 537 537 537
Satisfaction Correlation Coefficient -.168** -.119** -.135** -.137** -.090** -0.059 -0.05 -0.05 -.282** -.205** -.260** -.278**
Sig. (2-tailed) 0 0 0 0 0.005 0.088 0.162 0.163 0 0 0 0
N 1673 1365 1315 1315 978 828 778 778 695 537 537 537
BorgsRPE Correlation Coefficient .225** .178** .224** .229** .235** .206** .233** .242** .251** .194** .235** .233**
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0 0 0
N 1673 1365 1315 1315 978 828 778 778 695 537 537 537
**. Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).
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Table D. 36 Spearman correlation for data after 20mins
 All participants Male Female
   WBGT PMV tch Twc WBGT PMV tch Twc WBGT PMV tch Twc
Spearman's 
rho
Sensation Correlation Coefficient .536** .491** .518** .513** .537** .480** .528** .540** .539** .506** .496** .467**
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0 0 0
N 1372 1125 1085 1085 803 683 643 643 569 442 442 442
Comfort Correlation Coefficient .106** .104** .120** .119** .220** .201** .246** .253** -0.056 -0.048 -0.057 -0.078
Sig. (2-tailed) 0 0.001 0 0 0 0 0 0 0.185 0.311 0.229 0.103
N 1372 1125 1085 1085 803 683 643 643 569 442 442 442
Stickiness Correlation Coefficient .499** .463** .484** .495** .569** .506** .542** .570** .403** .401** .392** .375**
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0 0 0
N 1372 1125 1085 1085 803 683 643 643 569 442 442 442
Preference Correlation Coefficient -.527** -.455** -.490** -.487** -.590** -.512** -.560** -.579** -.440** -.368** -.379** -.345**
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0 0 0
N 1372 1125 1085 1085 803 683 643 643 569 442 442 442
Pleasantness Correlation Coefficient 0.002 -0.004 -0.021 -0.012 -.132** -.135** -.169** -.175** .184** .184** .183** .221**
Sig. (2-tailed) 0.94 0.888 0.482 0.686 0 0 0 0 0 0 0 0
N 1371 1124 1084 1084 803 683 643 643 568 441 441 441
Acceptance Correlation Coefficient -.110** -0.053 -.063* -.064* -0.019 0.06 0.025 0.043 -.250** -.224** -.192** -.232**
Sig. (2-tailed) 0 0.074 0.039 0.035 0.6 0.115 0.526 0.275 0 0 0 0
N 1372 1125 1085 1085 803 683 643 643 569 442 442 442
Satisfaction Correlation Coefficient -.161** -.112** -.129** -.131** -.078* -0.046 -0.042 -0.04 -.284** -.208** -.260** -.282**
Sig. (2-tailed) 0 0 0 0 0.028 0.231 0.291 0.311 0 0 0 0
N 1372 1125 1085 1085 803 683 643 643 569 442 442 442
BorgsRPE Correlation Coefficient .234** .188** .223** .235** .248** .224** .233** .251** .251** .188** .234** .233**
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0 0 0
N 1372 1125 1085 1085 803 683 643 643 569 442 442 442
**. Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).
Table D. 37 Spearman correlation for data after 30mins
 All participants Male Female
   WBGT PMV tch Twc WBGT PMV tch Twc WBGT PMV tch Twc
Spearman's 
rho
Sensation Correlation Coefficient .542** .495** .528** .523** .542** .481** .535** .548** .550** .518** .511** .485**
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0 0 0
N 1071 886 856 856 628 538 508 508 443 348 348 348
Comfort Correlation Coefficient .116** .113** .132** .131** .249** .224** .273** .279** -0.07 -0.053 -0.062 -0.078
Sig. (2-tailed) 0 0.001 0 0 0 0 0 0 0.142 0.32 0.247 0.147
N 1071 886 856 856 628 538 508 508 443 348 348 348
Stickiness Correlation Coefficient .498** .461** .482** .494** .573** .502** .542** .572** .399** .406** .390** .375**
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0 0 0
N 1071 886 856 856 628 538 508 508 443 348 348 348
Preference Correlation Coefficient -.533** -.452** -.499** -.494** -.586** -.498** -.558** -.574** -.464** -.386** -.409** -.375**
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0 0 0
N 1071 886 856 856 628 538 508 508 443 348 348 348
Pleasantness Correlation Coefficient 0 -0.008 -0.03 -0.022 -.152** -.150** -.196** -.203** .204** .191** .189** .228**
Sig. (2-tailed) 0.994 0.812 0.378 0.529 0 0 0 0 0 0 0 0
N 1070 885 855 855 628 538 508 508 442 347 347 347
Acceptance Correlation Coefficient -.100** -0.041 -0.053 -0.051 0.011 .091* 0.054 0.073 -.269** -.240** -.209** -.244**
Sig. (2-tailed) 0.001 0.219 0.12 0.133 0.787 0.034 0.226 0.1 0 0 0 0
N 1071 886 856 856 628 538 508 508 443 348 348 348
Satisfaction Correlation Coefficient -.152** -.105** -.126** -.127** -0.056 -0.023 -0.023 -0.02 -.298** -.228** -.278** -.300**
Sig. (2-tailed) 0 0.002 0 0 0.162 0.592 0.61 0.651 0 0 0 0
N 1071 886 856 856 628 538 508 508 443 348 348 348
BorgsRPE Correlation Coefficient .244** .197** .227** .240** .257** .229** .239** .259** .260** .202** .235** .237**
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0 0 0
N 1071 886 856 856 628 538 508 508 443 348 348 348
**. Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).
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Table D. 38 Spearman correlation for data after 40mins
 All participants Male Female
WBGT PMV tch Twc WBGT PMV tch Twc WBGT PMV tch Twc
Spearman's 
rho
Sensation Correlation Coefficient .546** .512** .538** .530** .549** .501** .546** .553** .556** .536** .523** .504**
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0 0 0
N 769 646 626 626 453 393 373 373 316 253 253 253
Comfort Correlation Coefficient .120** .111** .128** .127** .276** .245** .280** .286** -0.093 -0.086 -0.078 -0.095
Sig. (2-tailed) 0.001 0.005 0.001 0.002 0 0 0 0 0.099 0.172 0.217 0.132
N 769 646 626 626 453 393 373 373 316 253 253 253
Stickiness Correlation Coefficient .506** .473** .500** .509** .587** .519** .560** .585** .406** .414** .411** .395**
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0 0 0
N 769 646 626 626 453 393 373 373 316 253 253 253
Preference Correlation Coefficient -.531** -.458** -.510** -.499** -.588** -.513** -.565** -.578** -.470** -.388** -.430** -.396**
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0 0 0
N 769 646 626 626 453 393 373 373 316 253 253 253
Pleasantness Correlation Coefficient 0.016 0.008 -0.016 -0.004 -.145** -.138** -.186** -.187** .230** .210** .205** .242**
Sig. (2-tailed) 0.651 0.839 0.688 0.915 0.002 0.006 0 0 0 0.001 0.001 0
N 768 645 625 625 453 393 373 373 315 252 252 252
Acceptance Correlation Coefficient -.105** -0.054 -0.062 -0.056 0.022 0.097 0.061 0.084 -.301** -.283** -.244** -.270**
Sig. (2-tailed) 0.003 0.173 0.12 0.165 0.636 0.056 0.237 0.104 0 0 0 0
N 769 646 626 626 453 393 373 373 316 253 253 253
Satisfaction Correlation Coefficient -.165** -.125** -.149** -.145** -0.057 -0.026 -0.036 -0.029 -.326** -.270** -.312** -.323**
Sig. (2-tailed) 0 0.001 0 0 0.227 0.605 0.493 0.57 0 0 0 0
N 769 646 626 626 453 393 373 373 316 253 253 253
BorgsRPE Correlation Coefficient .250** .214** .235** .248** .266** .241** .251** .269** .266** .223** .237** .244**
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0 0 0
N 769 646 626 626 453 393 373 373 316 253 253 253
**. Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).
Table D. 39 Spearman correlation for data after 50mins
 All participants Male Female
   WBGT PMV tch Twc WBGT PMV tch Twc WBGT PMV tch Twc
Spearman's 
rho
Sensation Correlation Coefficient .544** .516** .537** .531** .569** .530** .547** .565** .536** .508** .516** .492**
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0 0 0
N 469 408 398 398 278 248 238 238 191 160 160 160
Comfort Correlation Coefficient .103* .103* .122* .113* .265** .253** .261** .271** -0.138 -0.131 -0.084 -0.122
Sig. (2-tailed) 0.026 0.038 0.015 0.025 0 0 0 0 0.058 0.098 0.289 0.124
N 469 408 398 398 278 248 238 238 191 160 160 160
Stickiness Correlation Coefficient .508** .479** .512** .519** .603** .544** .566** .600** .384** .397** .435** .400**
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0 0 0
N 469 408 398 398 278 248 238 238 191 160 160 160
Preference Correlation Coefficient -.537** -.470** -.505** -.502** -.597** -.536** -.556** -.582** -.471** -.383** -.430** -.395**
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0 0 0
N 469 408 398 398 278 248 238 238 191 160 160 160
Pleasantness Correlation Coefficient 0.019 0.011 -0.02 -0.007 -.156** -.148* -.181** -.194** .258** .233** .192* .248**
Sig. (2-tailed) 0.682 0.832 0.689 0.888 0.009 0.019 0.005 0.003 0 0.003 0.015 0.002
N 468 407 397 397 278 248 238 238 190 159 159 159
Acceptance Correlation Coefficient -.120** -0.078 -0.076 -0.076 0.029 0.101 0.059 0.072 -.352** -.356** -.286** -.306**
Sig. (2-tailed) 0.009 0.114 0.13 0.13 0.636 0.114 0.363 0.266 0 0 0 0
N 469 408 398 398 278 248 238 238 191 160 160 160
Satisfaction Correlation Coefficient -.138** -.098* -.122* -.121* -0.024 0.026 -0.007 0.002 -.312** -.272** -.297** -.308**
Sig. (2-tailed) 0.003 0.049 0.015 0.016 0.689 0.682 0.913 0.978 0 0.001 0 0
N 469 408 398 398 278 248 238 238 191 160 160 160
BorgsRPE Correlation Coefficient .248** .210** .244** .256** .265** .241** .259** .281** .264** .223** .252** .255**
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0.005 0.001 0.001
N 469 408 398 398 278 248 238 238 191 160 160 160
**. Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).
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Table D. 40 Spearman correlation for data at 60min
 All participants Male Female
   AvgWBGT AvgPMV Avgtch AvgTwc AvgWBGT AvgPMV Avgtch AvgTwc AvgWBGT AvgPMV Avgtch AvgTwc
Spearman's 
rho
Sensation Correlation Coefficient
.572** .549** .591** .565** .592** .571** .588** .577** .547** .533** .582** .543**
Sig. (2-tailed)
0 0 0 0 0 0 0 0 0 0 0 0
N
168 168 168 168 103 103 103 103 65 65 65 65
Comfort Correlation Coefficient
.156* 0.139 0.137 0.144 .296** .295** .286** .293** -0.079 -0.117 -0.094 -0.1
Sig. (2-tailed)
0.043 0.073 0.076 0.063 0.002 0.003 0.003 0.003 0.531 0.355 0.456 0.43
N
168 168 168 168 103 103 103 103 65 65 65 65
Stickiness Correlation Coefficient
.562** .547** .563** .560** .645** .623** .629** .644** .441** .449** .471** .434**
Sig. (2-tailed)
0 0 0 0 0 0 0 0 0 0 0 0
N
168 168 168 168 103 103 103 103 65 65 65 65
Preference Correlation Coefficient
-.581** -.536** -.571** -.559** -.652** -.617** -.637** -.633** -.471** -.432** -.474** -.445**
Sig. (2-tailed)
0 0 0 0 0 0 0 0 0 0 0 0
N
168 168 168 168 103 103 103 103 65 65 65 65
Pleasantness Correlation Coefficient
-0.084 -0.04 -0.071 -0.06 -.283** -.239* -.277** -.266** 0.228 .262* 0.231 .255*
Sig. (2-tailed)
0.282 0.606 0.359 0.438 0.004 0.015 0.005 0.007 0.07 0.036 0.066 0.042
N
167 167 167 167 103 103 103 103 64 64 64 64
Acceptance Correlation Coefficient
-0.024 -0.001 -0.066 -0.043 0.104 0.145 0.051 0.083 -.264* -.266* -.265* -.272*
Sig. (2-tailed)
0.757 0.986 0.398 0.584 0.297 0.144 0.606 0.405 0.034 0.032 0.033 0.029
N
168 168 168 168 103 103 103 103 65 65 65 65
Satisfaction Correlation Coefficient
-0.069 -0.06 -0.093 -0.077 0.049 0.082 0.033 0.044 -.273* -.295* -.286* -.282*
Sig. (2-tailed)
0.376 0.44 0.231 0.321 0.623 0.412 0.743 0.66 0.028 0.017 0.021 0.023
N
168 168 168 168 103 103 103 103 65 65 65 65
BorgsRPE Correlation Coefficient
.283** .253** .293** .295** .308** .284** .300** .306** .285* .249* .304* .307*
Sig. (2-tailed)
0 0.001 0 0 0.002 0.004 0.002 0.002 0.021 0.045 0.014 0.013
N
168 168 168 168 103 103 103 103 65 65 65 65
**. Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).
Table D. 41 Spearman correlation for data over 60mins
 All participants Male Female
   WBGT PMV tch Twc WBGT PMV tch Twc WBGT PMV tch Twc
Spearman's 
rho
Sensation Correlation Coefficient .517** .470** .487** .488** .520** .458** .498** .517** .514** .483** .463** .441**
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0 0 0
N 1974 1605 1545 1545 1153 973 913 913 821 632 632 632
Comfort Correlation Coefficient .063** .060* .065* .068** .145** .126** .169** .175** -0.054 -0.048 -.087* -.094*
Sig. (2-tailed) 0.005 0.017 0.011 0.007 0 0 0 0 0.119 0.225 0.028 0.018
N 1974 1605 1545 1545 1153 973 913 913 821 632 632 632
Stickiness Correlation Coefficient .444** .412** .434** .443** .498** .449** .492** .512** .365** .360** .341** .330**
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0 0 0
N 1974 1605 1545 1545 1153 973 913 913 821 632 632 632
Preference Correlation Coefficient -.521** -.451** -.476** -.477** -.583** -.504** -.543** -.567** -.429** -.368** -.371** -.341**
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0 0 0
N 1974 1605 1545 1545 1153 973 913 913 821 632 632 632
Pleasantness Correlation Coefficient 0.043 0.039 0.017 0.027 -0.056 -0.059 -.102** -.100** .178** .180** .181** .208**
Sig. (2-tailed) 0.056 0.123 0.498 0.296 0.055 0.067 0.002 0.003 0 0 0 0
N 1973 1604 1544 1544 1153 973 913 913 820 631 631 631
Acceptance Correlation Coefficient -.127** -.069** -.073** -.075** -.060* 0.012 -0.013 -0.003 -.232** -.197** -.166** -.197**
Sig. (2-tailed) 0 0.006 0.004 0.003 0.041 0.719 0.705 0.934 0 0 0 0
N 1974 1605 1545 1545 1153 973 913 913 821 632 632 632
Satisfaction Correlation Coefficient -.176** -.128** -.140** -.141** -.102** -.070* -0.059 -0.06 -.283** -.211** -.258** -.273**
Sig. (2-tailed) 0 0 0 0 0.001 0.029 0.074 0.069 0 0 0 0
N 1974 1605 1545 1545 1153 973 913 913 821 632 632 632
BorgsRPE Correlation Coefficient .212** .170** .215** .218** .215** .189** .219** .224** .245** .203** .234** .234**
Sig. (2-tailed) 0 0 0 0 0 0 0 0 0 0 0 0
N 1974 1605 1545 1545 1153 973 913 913 821 632 632 632
**. Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).
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Table D. 42 Spearman correlation for data over 60mins
 All participants Male Female
   Sensation Comfort Preference Sensation comfort preference Sensation comfort preference
Spearman's 
rho
tr Correlation Coefficient .363** 0.002 -.344** .347** 0.018 -.388** .386** -0.029 -.278**
Sig. (2-tailed) 0 0.944 0 0 0.552 0 0 0.401 0
N 1974 1974 1974 1153 1153 1153 821 821 821
SR Correlation Coefficient .322** -0.009 -.308** .519** .174** -.568** .423** -.092* -.326**
Sig. (2-tailed) 0 0.688 0 0 0 0 0 0.021 0
N 1974 1974 1974 914 914 914 633 633 633
ta Correlation Coefficient .478** .067** -.469** .323** -0.006 -.327** .326** -0.018 -.277**
Sig. (2-tailed) 0 0.008 0 0 0.837 0 0 0.604 0
N 1546 1546 1546 1153 1153 1153 821 821 821
Ø Correlation Coefficient -.060* -0.01 0.007 -.122** -0.047 .119** -.253** .111** .206**
Sig. (2-tailed) 0.019 0.681 0.786 0 0.112 0 0 0.001 0
N 1545 1545 1545 1153 1153 1153 821 821 821
v Correlation Coefficient -.183** 0.019 .157** -.125** -0.053 .097** -0.014 0.027 -.086*
Sig. (2-tailed) 0 0.396 0 0 0.108 0.003 0.723 0.493 0.031
N 1974 1974 1974 913 913 913 632 632 632
clo Correlation Coefficient -.423** -.069** .445** -.433** -.162** .497** -.418** .071* .379**
Sig. (2-tailed) 0 0.002 0 0 0 0 0 0.042 0
N 1974 1974 1974 1153 1153 1153 821 821 821
**. Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).
Table D. 43 Spearman correlation for data at 60min
 All participants Male Female
   Sensation Comfort Preference Sensation Comfort Preference Sensation Comfort Preference
Spearman's 
rho
Avgtr Correlation Coefficient .406** 0.077 -.407** .454** 0.174 -.505** .371** -0.079 -.290*
Sig. (2-tailed) 0 0.32 0 0 0.079 0 0.002 0.531 0.019
N 168 168 168 103 103 103 65 65 65
AvgSR Correlation Coefficient .287** 0.011 -.300** .314** 0.083 -.361** .281* -0.115 -0.235
Sig. (2-tailed) 0 0.887 0 0.001 0.402 0 0.023 0.362 0.059
N 168 168 168 103 103 103 65 65 65
Avgta Correlation Coefficient .555** 0.148 -.551** .586** .307** -.641** .518** -0.095 -.429**
Sig. (2-tailed) 0 0.056 0 0 0.002 0 0 0.451 0
N 168 168 168 103 103 103 65 65 65
Avg Ø Correlation Coefficient -0.094 -0.007 0.047 -0.179 -0.163 0.169 -0.044 0.177 -0.067
Sig. (2-tailed) 0.226 0.929 0.544 0.071 0.1 0.088 0.725 0.158 0.596
N 168 168 168 103 103 103 65 65 65
Avgv Correlation Coefficient -.267** -0.007 .222** -.227* -0.077 .210* -.334** 0.127 0.234
Sig. (2-tailed) 0 0.925 0.004 0.021 0.44 0.034 0.007 0.312 0.06
N 168 168 168 103 103 103 65 65 65
clo Correlation Coefficient -.495** -0.144 .533** -.523** -.272** .594** -.474** 0.076 .455**
Sig. (2-tailed) 0 0.063 0 0 0.006 0 0 0.546 0
N 168 168 168 103 103 103 65 65 65
**. Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).
0.10D.7 Correlations for PMVoutdoors
The statistical outcomes in chapter 11 were shown in Table D. 44.
Table D. 44 Pearson correlation and Spearman correlation 
Correlations Correlations
  PMVoutdoors PMVsolar tau tsk HR SL    Sensation
PMV Pearson Correlation .852** .891** .249** .638** .106** .767** Spearman's
 rho
PMV Correlation 
Coefficient
.470**
Sig. (2-tailed) 0 0 0 0 0 0 Sig. (2-tailed) 0
N 1498 1481 1606 1220 1585 168 N 1605
PMVoutdoors Pearson Correlation 1 .723** .264** .414** .132** .722** PMVoutdoors Correlation 
Coefficient
.407**
Sig. (2-tailed)  0 0 0 0 0 Sig. (2-tailed) 0
N 1498 1468 1498 1112 1477 156 N 1497
AvgPMV Pearson Correlation .860** .827** .419** .595** .202** .835**
Sig. (2-tailed) 0 0 0 0 0.01 0
N 156 157 168 130 165 168
Avg
PMVoutdoors
Pearson Correlation .952** .691** .433** .415** .194* .788**
Sig. (2-tailed) 0 0 0 0 0.02 0
N 156 156 156 118 153 156
**. Correlation is significant at the 0.01 level (2-tailed).
 *. Correlation is significant at the 0.05 level (2-tailed).
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0.12 D.8 Correlations by clothing
The statistical outcomes in section 10.4.4.5 were shown in Table D. 45 and Table D.
46.
Table D. 45 Pearson correlation for data by clothing
 0.59clo 0.85clo + 0.96clo 1.07clo + 1.13 clo
  tr SR ta rh v tau tsk HR SL tr SR ta rh v tau tsk HR SL tr SR ta rh v tau tsk HR SL
W
B
G
T
Pearson 
Correlation .494
** .240** .864** -.316** -.130** .276** .648** .270** .563** .484** .345** .891** -.197** -.062** 0.03 .465** .170** .420** .738** .616** .940** -.145** .267** -.143** .452** .162** .544**
Sig. (2-
tailed) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.12 0 0 0 0 0 0 0.004 0 0 0 0 0
N
3111 3111 535 535 3111 3111 1891 2995 51 3843 3843 616 609 3843 3843 3843 3843 63 3294 3294 408 402 3294 3294 2196 3233 54
P
M
V
Pearson 
Correlation .683
** .456** .820** -.541** -0.02 .215** .646** .308** .632** .756** .583** .700** -.477** 0.001 0.07 .475** 0.05 .485** .795** .630** .727** -.160** 0.062 -.164** .409** .141** .620**
Sig. (2-
tailed) 0 0 0 0 0.698 0 0 0 0 0 0 0 0 0.975 0.08 0 0.22 0 0 0 0 0.001 0.184 0 0 0 0
N
535 535 535 535 535 535 335 527 51 609 609 609 609 609 609 609 609 63 462 462 402 402 462 462 276 449 54
T
c
h
Pearson 
Correlation 0.06 .099
* .882** -.241** -.514** .264** .522** .318** .609** 0.01 0.04 .798** -.099* -.573** 0.08 .203** .178** .377** .132** .171** .623** 0.025 -.544** -0.07 .289** 0.06 .320*
Sig. (2-
tailed) 0.18 0.022 0 0 0 0 0 0 0 0.84 0.328 0 0.014 0 0.06 0 0 0 0.01 0 0 0.623 0 0.162 0 0.22 0.02
N
535 535 535 535 535 535 335 527 51 609 609 609 609 609 609 609 609 63 402 402 402 402 402 402 276 395 54
T
w
c
Pearson 
Correlation .305
** .235** .992** -.396** -.187** .288** .595** .361** .687** .241** .184** .979** -.288** -.180** .102* .289** .200** .434** .464** .396** .963** -.203** 0.024 -.145** .371** 0.08 .490**
Sig. (2-
tailed) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.01 0 0 0 0 0 0 0 0.625 0.003 0 0.13 0
N
535 535 535 535 535 535 335 527 51 609 609 609 609 609 609 609 609 63 402 402 402 402 402 402 276 395 54
A
v
g
W
B
G
T
Pearson 
Correlation 0.27 0 .908
** -0.1 -0.19 .311* .527** 0.22 .748** .472** .250* .879** -0.21 0.16 0.02 .346** .251* .540** .506** .478** .947** -0.24 .281* -0.04 .380* 0.14 .575**
Sig. (2-
tailed) 0.05 0.997 0 0.467 0.176 0.03 0 0.14 0 0 0.048 0 0.102 0.211 0.86 0.01 0.05 0 0 0 0 0.085 0.04 0.791 0.02 0.31 0
N
51 51 51 51 51 51 31 49 51 63 63 63 63 63 63 63 63 63 54 54 54 54 54 54 36 53 54
A
v
g
P
M
V
Pearson 
Correlation .473
** 0.109 .779** -.401** -0.06 .304* .369* 0.28 .785** .667** .541** .699** -.508** 0.173 0.16 .376** 0.12 .662** .614** .556** .752** -0.23 0.13 0.078 .447** 0.13 .694**
Sig. (2-
tailed) 0 0.445 0 0.004 0.698 0.03 0.04 0.05 0 0 0 0 0 0.174 0.21 0 0.37 0 0 0 0 0.1 0.348 0.574 0.01 0.34 0
N
51 51 51 51 51 51 31 49 51 63 63 63 63 63 63 63 63 63 54 54 54 54 54 54 36 53 54
A
v
g
t
c
h
Pearson 
Correlation 0.16 -0.2 .912
** -0.11 -.297* .293* .472** .282* .750** 0.15 -0 .811** -0.02 -0.24 0.1 0.14 .281* .455** 0.19 0.2 .758** -0.06 -0.19 0.07 .383* 0.06 .445**
Sig. (2-
tailed) 0.26 0.159 0 0.455 0.035 0.04 0.01 0.05 0 0.24 0.986 0 0.882 0.054 0.45 0.27 0.03 0 0.16 0.15 0 0.649 0.178 0.614 0.02 0.69 0
N
51 51 51 51 51 51 31 49 51 63 63 63 63 63 63 63 63 63 54 54 54 54 54 54 36 53 54
A
v
g
T
w
c
Pearson 
Correlation 0.27 -0.12 .941
** -0.23 -0.11 .332* .438* .291* .766** .333** 0.187 .942** -0.23 0.021 0.11 0.24 .279* .481** .329* .312* .970** -.278* 0.189 -0.04 .360* 0.07 .518**
Sig. (2-
tailed) 0.06 0.39 0 0.111 0.455 0.02 0.01 0.04 0 0.01 0.143 0 0.07 0.868 0.39 0.05 0.03 0 0.02 0.02 0 0.042 0.172 0.758 0.03 0.61 0
N
51 51 51 51 51 51 31 49 51 63 63 63 63 63 63 63 63 63 54 54 54 54 54 54 36 53 54
**. Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).
Table D. 46 Spearman correlation for data by clothing
 All participants Male Female
   WBGT PMV tch Twc WBGT PMV tch Twc WBGT PMV tch Twc
Spearman's 
rho
Sensation Correlation Coefficient .409** .354** .376** .419** .371** .307** .363** .322** .325** .411** .251** .239**
Sig. (2-tailed)
0 0 0 0 0 0 0 0 0 0 0 0
N
567 535 535 535 795 608 608 608 612 462 402 402
Comfort Correlation Coefficient .256** .308** .241** .298** .119** 0.064 .090* 0.053 -.142** -.255** -.175** -.108*
Sig. (2-tailed)
0 0 0 0 0.001 0.113 0.027 0.192 0 0 0 0.03
N
567 535 535 535 795 608 608 608 612 462 402 402
Stickiness Correlation Coefficient .418** .453** .370** .430** .210** .122** .205** .171** .265** .206** .217** .307**
Sig. (2-tailed)
0 0 0 0 0 0.003 0 0 0 0 0 0
N
567 535 535 535 795 608 608 608 612 462 402 402
Preference Correlation Coefficient -.432** -.390** -.400** -.439** -.280** -.169** -.217** -.155** -.395** -.418** -.248** -.335**
Sig. (2-tailed)
0 0 0 0 0 0 0 0 0 0 0 0
N
567 535 535 535 795 608 608 608 612 462 402 402
Pleasantness Correlation Coefficient -.118** -.179** -.124** -.158** 0.021 .097* 0.018 .117** .119** .277** .164** 0.062
Sig. (2-tailed)
0.005 0 0.004 0 0.558 0.016 0.66 0.004 0.003 0 0.001 0.217
N
566 534 534 534 795 608 608 608 612 462 402 402
Acceptance Correlation Coefficient .155** .170** .156** .192** .074* 0.048 0.072 0.021 -.220** -.280** -.188** -.142**
Sig. (2-tailed)
0 0 0 0 0.037 0.238 0.077 0.604 0 0 0 0.004
N
567 535 535 535 795 608 608 608 612 462 402 402
Satisfaction Correlation Coefficient .137** .162** .113** .160** -.080* -0.07 -.107** -.161** -.214** -.296** -.164** -.102*
Sig. (2-tailed)
0.001 0 0.009 0 0.024 0.076 0.008 0 0 0 0.001 0.04
N
567 535 535 535 795 608 608 608 612 462 402 402
BorgsRPE Correlation Coefficient .260** .288** .343** .346** .205** .121** .206** .242** .156** .120* 0.081 .165**
Sig. (2-tailed)
0 0 0 0 0 0.003 0 0 0 0.01 0.103 0.001
N
567 535 535 535 795 608 608 608 612 462 402 402
**. Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).
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